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Abstract

The performance and emission characteristics of a four-hole passive pre-chamber combustion (PCC) in a gasoline direct injection (GDI) engine
are designed, optimized, and validated in this work. The influence of important parameters such as PCC orifice throat angle, injection pressure,
and L/D ratio on engine performance is optimized using the Box-Behnken design in response surface methodology (RSM). By the utilization of
RSM and CFD simulations, evaluation of performance in a GDI engine, which consists of 13 models, is done. Modelled and optimized responses
are pressure, temperature, heat release rate, CO, CO,, and NOx. CFD simulations were validated against the optimal configuration, which
concludes parameters of a PCC orifice inclination of 70 degrees, an injection pressure of 65.12 bar, and an L/D ratio of 2. The findings show
significant improvements in the engine performance parameters and emission reduction, NOx is reduced because of the optimal pre chamber
utilization up to 23% while compare to engine without Pre chamber leading us to better insights into designing efficient and environmentally
friendly combustion systems.
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1. Introduction contributes to reduced emissions [8]. The design parameters of

the pre-chamber are crucial for enhancing mixture formation,

The harmful pollutants generated by internal combustion
engines, including carbon monoxide (CO), carbon dioxide
(CO2), and nitrogen oxides (NOx), must be mitigated due
to the enforcement of rigorous regulations by governments
worldwide [1,2]. This shifts the focus of the investigation to-
wards gasoline direct injection engines. GDI engines facilitate
the direct delivery of fuel into the engine cylinder [3, 4, 5].
Particulate matter is produced in GDI engines due to the lack
of proper mixture homogeneity. Consequently, it is essential to
take into account the formation of mixtures within the cylin-
der to enhance engine efficiency [6, 7]. The implementation of
pre-chamber technology enhances combustion efficiency and

flame evolution, and optimizing flame propagation [9]. Design
and analysis process of a gasoline direct injection engine with
a small pre-combustion chamber created above the cylinder
and was a promising approach to fulfil the specified require-
ments such as engine efficiency and emission reduction [10].
The use of a pre-chamber helps in enhancing the combustion
process by providing a controlled and efficient ignition within
the combustion chamber [11]. PCC systems play a crucial role
in minimizing knock tendency, which allows for increased
compression ratios that enhance thermal efficiency [12, 13].
Difterent orifice configurations such as orifice angles, diameter
and positioning are used which creates an impact in jet forma-
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tion and main cylinder combustion characteristics [14, 15]. Using
advances in computational fluid dynamics (CFD), the detailed anal-
ysis of PCC engines and their emission and combustion behaviors is
done, which helps to optimize design parameters such as injection
timing, fuel distribution, and ignition [16].

Gasoline direct injection (GDI) engines help to inject the fuel di-
rectly into the cylinder, leading to better fuel management, which
improves power output and fuel efficiency [17]. But the usage of
GDI engines leads to the production of NOx and particulate matter
during the combustion process, which leads to the minimization of
emission parameters [18, 19]. Usage of PCC in GDI systems helps in
the reduction of emissions and increased combustion efficiency [20,
21]. Response surface methodology is used as an optimization tool
to improve the performance of PCC-GDI engines. The utilization of
CFD methods and RSM optimization combined helps to evaluate
different factors that directly influence the engine performance and
emission characteristics [22, 23]. The integrated methodology of
RSM and CFD helps to analyze and optimize multiple factors that
influence the engine performance. The interaction of factors directly
influences the responses, and the understanding of the interaction
of factors such as PCC orifice throat angle, injection pressure, and
L/D ratio helps with the optimization of engine design [24, 25, 26].
Recent studies primarily focused on enhancing the engine perfor-
mance and reducing emission characteristics in an engine [27, 28].
The integrated approach of CFD and RSM has better effectiveness
to find the optimal configurations, which helps to enhance the per-
formance parameters and to minimize CO and NOx emissions [29,
30].

This analysis aims to improve these advancements by optimizing
a PCC-GDI engine using RSM and validating the results through
CFD simulations. The novelty of this research work is acquiring the
better PCC model while performing statistical experiments and to
achieve optimized model comprising of different parameters such as
orifice throat angle, injection pressure and L/D ratio.

2. Modeling and validation

The specifications of the PCC-equipped GDI engine with their oper-
ating conditions and fuel injection parameters are given in Table 1.
The geometrical design process of the engine is done using CATIA
V5, and geometrical data with validation is referred from literature
[7]. The prepared geometrical domain underwent a surface meshing
process and was checked for surface errors and rectified. Case setup
was prepared for the PCC-equipped GDI engine, which consists
of geometrical specifications, simulation time parameters, injector
locations and orientations, boundary conditions, solver parame-
ters, and initialized values. Selection of proper CFL limits and time
step algorithm helps to enhance the simulation by handling the
rapid and nonlinear dynamics. Therefore, the highly compressible
flow fields during the engine combustion are improved by the use
of the PISO (Pressure-Implicit splitting of operators) solver, which
consists of specific convergence criteria that also help to predict the

engine behavior in real time. The initialization values were pro-
vided in the initialization settings, and those are the temperature,
velocity, and pressure of different regions such as the cylinder, inlet,
and exhaust. The temperature in the cylinder was given to simulate
realistic high-temperature conditions, which influence the combus-
tion process and exhaust characteristics. The injector model has a
10-degree spray cone angle and a nozzle diameter of 0.0003 meters.
Orientation and location of injector nozzles are important to im-
prove fuel atomization, which controls the combustion process and
reduces harmful pollutants. The injector nozzle’s location and ori-
entation are crucial parameters that control the combustion process
and emission formation during combustion. Smaller diameters and
optimization of spray angle help to improve the fuel atomization and
reduction of particulate matter [34, 35, 36].

Table 1. Operating conditions and fuel injection parameters.

Parameter Specifications
Bore 86mm
Stroke 86mm
Displacement 499.5cm’
Speed 1000rpm
Valve Lift 9mm
Compression Ratio 9.2
Connecting Rod Length 145mm
Initial Pressure 101325Pa
Simulation Period 720°CA
Starting Crank Angle -380°CA
Ending Crank Angle +360°CA

Inlet Valve Opening
Inlet Valve Closing
Exhaust Valve Opening

Exhaust Valve Closing

Start of Injection (SOI)

Injection Duration(50, 100 and 150 Bar)

Total Injected Mass

Injected Species

Nozzle Diameter

10°bTDC (Before Exhaust)
55°aBDC (During Compression)
55°aBDC (During Expansion)
10°aTDC (During Suction)
-370.0°CA
55.907° CA
4.398e-05 Kg

IC8H18

0.0003m
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Figure 1. PCC-GDI model with separated boundaries

The layout of key components such as the fuel injector as well as the
combustion chamber, which are crucial for the behavior of fuel-air
mixing and to obtain efficient combustion in a PCC-GDI engine,
is shown in Figure 1. The factors such as orifice throat angle, L/D
ratio, and injection pressure are modified through design as shown
in the figure. These factors play a vital role in engine performance
during combustion and also in the emission formations. Due to the
occurrence of high-speed jet flow through the pre-chamber orifice,
rapid pressure and density changes happen in the main cylinder. So
in order to simulate those changes, density-based solvers were used.
These solvers utilize energy equations in a fully coupled manner to
solve the equations, which leads to improved solution stability and
helps in the handling of species transport during multiphase com-
bustion that occurs inside the main cylinder.
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Figure 2. Grid independence study

The validation of the CFD model is done with the help of a grid
independence study, which is shown in Figure 2. The analysis of
grid sizes ranging from 4mm to 10mm, while 4mm grid size results
are accurate and near to the experimental values. Total fluctuation
in velocity around the Z-axis is calculated and compared for differ-
ent grid sizes. This indicates that consideration of grid resolution
is an important factor to achieve the accurate results. The impact
of results varies with the finer, very fine, and coarse grids. Optimal
selection of grid resolution is a crucial parameter to identify the best
grid size with accurate results. Even though finer grid values lead to
maximized computational time, it also comes at the cost of accurate
predictions.

3. RSM analysis of CFD simulation

The factors given, such as orifice throat angle, injection pressure,
and L/D ratio, and their minimum and maximum values are given as
shown in Table 2. To understand the effects of factors on responses,
their ranges were varied using particular minimum and maximum
values. In the Box-Behnken Design (BBD), the goal is to use this
range of values to systematically test and model how these factors
influence the desired outcome. The method is particularly useful for
optimizing the system by analyzing the main effects of each factor
and their interactions.

Table 2. RSM of Box-Behnken design

S.no Name of the factor Minimum Maximum
Orifice Throat
! Angle (Deg) 4 70
) Injection Pressure 50 150
(Bar)
3 L/D ratio 1 2

This study focused on finding the optimal settings of factors such
as orifice angle, injection pressure, and L/D ratio to maximize
performance parameters such as pressure and temperature while
minimizing harmful emissions such as CO and NOx. From Table 3,
it is evident that higher injection pressure values and throat angles
lead to improved combustion efficiency by monitoring the results,
such as higher temperatures and the formation of lower CO emis-
sions, while the heat release rate is improved for lower L/D ratios
but with increased emission formations. The purpose of the CFD is
to determine the ideal combination of factors for enhancing engine
performance, such as maximizing pressure and temperature while
keeping emissions within acceptable limits.
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Table 3. Design factors and normalized responses

Run

12

13

14

15

16

17

Orifice

Throat

Angle
(Deg)

58

70

58

70

45

70

70

58

58

45

58

58

58

58

45

58

Surface

Injection
Pressure

100

100

100

150

150

50

100

50

150

100

100

50

100

150

100

100

(Bar)

L/D Ratio

Pressure
%

74.197

91.526

90.785

91.526

90.56

34.312

71.165

61.391

100

93.285

72.358

91.526

94.059

91.526

63.346

91.526

Normalized Response

&

2

]

§ = ~A S
=% s )

5

=
46.204 0.2337 78.017
51.031 15.199 88.986
87.212 7.8657 21.612
51.031 15.199 88.986
100 0 0
15.312 8.7642 100
79.698 52.979 26.36
55.809 100 16.563
71319 29.029 65.356
61.331 26.985 80.788
43.035 30.994 80.472
51.031 15.199 88.986
59.049 23.095 78.751
51.031 15.199 88.986
37.712 7.8923 85.125

0 74.871 83.912
51.031 15.199 88.986

co,
%

21.826

9.97076

83.3828

9.97076

100

79.7305

87.6822

32.3638

15.7133

17.3321

9.97076

20.6753

9.97076

13.1583

14.3513

9.97076

x

NO
%

87.166

6.1291

11.947

6.1291

46.968

13.122

71.519

44.947

53.365

8.5575

6.1291

20.744

6.1291

100.02

4.3508

6.1291
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Figure 3. (a) Angle of inclination 45°,L/D ratio 1, (b) Angle of inclination 45°, L/D ratio 1.5, (c) Angle of inclination 45°, L/D ratio 2,
(d) Angle of inclination 57.5°, L/D ratio 1, (e) Angle of inclination 57.5°, L/D ratio 1.5, (f) Angle of inclination 57.5°, L/D ratio 2,
(g) Angle of inclination 70°, L/D ratio 1, (h) Angle of inclination 70°, L/D ratio 1.5, and (i) Angle of inclination 70°, L/D ratio 2

The centered XZ section profile of a PCC GDI engine geometry
scaled at a 2:1 ratio is shown in Figure 3 (a), (b), (c), (d), (e), (f),
(g), (h), and (I), based on the response surface methodology (RSM)
design. The table illustrates the two key factors, namely the angle
of inclination and the L/D ratio. The angles of inclination used in
the CFD are 45, 57.5, and 70 degrees respectively, which represent
the different geometrical configurations of the engine. Furthermore,
the L/D ratio (length to diameter ratio) is varied at three levels, and
the values are 1, 1.5, and 2 for each angle. This variation helps us to
study how the geometry creates an impact on engine performance,
such as fuel efficiency, heat release rate, and emission parameters.

4. Results and discussions
The results from the CFD analysis aid us in understanding the RSM

insights and factors that impact the number of variables, such as
performance parameters that consist of temperature, pressure, and

heat release rate (HRR), and also for the emissions, such as CO, CO,,
and NO_. Each response variable is analyzed statistically in order
to identify the significance, as shown in Table 5. An F-value with
a p-value of was obtained by modeling the pressure data using the
quadratic transformation, which confirms the strong model with
efficient prediction power. The model’s excellent performance is
confirmed by the residual sum of squares (666.72) in comparison
to the entire sum of squares (10,756.92). Figure 4 shows a Box-Cox
plot for six responses in order to evaluate the need for response
transformation and to satisfy the assumptions of normality and
constant variance. Responses such as pressure, temperature, carbon
monoxide (CO), and carbon dioxide (CO,) satisfied the regression
assumptions. Logarithmic transformations are applied for responses
such as heat release rate (HRR) and NOx to stabilize the variance
and to enhance the predictive capability of the RSM model.
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Table 5.

Response
(Normalized)

Pressure

Temperature

HRR

CcO

CcO

NO,

Source

Quadratic model

Residual
Lack of Fit
Pure Error

Cor Total

Linear model

Residual
Lack of Fit
Pure Error
Cor Total

Quadratic model

Residual
Lack of Fit
Pure Error
Cor Total

Quadratic model

Residual
Lack of Fit
Pure Error
Cor Total

Quadratic model

Residual

Lack of Fit
Pure Error
Cor Total

Quadratic
model

Residual
Lack of Fit

Pure Error

Cor Total

Sum of Squares

10090.19
666.72

666.72
0.0000
10756.92
7690.83
1472.00
1472.00
0.0000
9162.82
8.60
0.7028
0.7028
0.0000
9.30
15254.69
213.40
213.40
0.0000
15468.09
17331.35

137.07

137.07
0.0000

17468.42
27.19

4.50
4.50

0.0000

31.69

ANOVA Table
df Mean Square
9 1121.13
7 95.25
3 222.24
4 0.0000
16
3 2563.61
13 113.23
9 163.56
4 0.0000
16
9 0.9555
7 0.1004
3 0.2343
4 0.0000
16
9 1694.97
7 30.49
3 71.13
4 0.0000
16
9 1925.71
7 19.58
3 45.69
4 0.0000
16
9 3.02
7 0.6428
3 1.50
4 0.0000
16

F-value

11.77

22.64

9.52

55.60

98.35

4.70

p-value

0.0019

<0.0001

0.0036

<0.0001

<0.0001

0.0268
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Figure 4. Box-Cox plots for six responses

As can be seen from the ANOVA findings in Table 5, a linear model
was fitted for temperature. With a sum of squares of 7,690.83, this
model demonstrated a substantial correlation between the input
parameters and temperature results, making it highly significant
(p < 0.0001). Figure 5 and Figure 6 show the contour plots and 3D
surface analysis and demonstrate that how the L/D ratio affects tem-
perature distribution, the ideal L/D ratio, 1.5, improves the system’s
temperature performance.

L/D ratio=1 L/D ratio=1.5

Normalized-Tempersture (%) Normalized-Temperature (%)

B: Injection Pressure (Bar)

B Injection Pressure (Bar)
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s % B @
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o N

Normalized-Temperature (%)

B: Injection Pressure (

A Throat angle (DEG)
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Figure 5. Combined influence of throat angle and injection pressure
on temperature at different PCC L/D ratios
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Figure 6. Interaction effect of throat angle and injection pressure on
temperature at different PCC L/D ratios

According to Figure 4, the Box-Cox transformation results show that
a quadratic model with a base-10 logarithmic transformation was
used to analyze the HRR. Table 5 shows that this model produced
a residual sum of squares of 0.70 and a significant fit (p = 0.0036).
Using contour plots and 3D surface analysis, the HRR response is
displayed, illustrating how it varies as the L/D ratio and injection
pressure change, as shown in Figure 7 and Figure 8.
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Mommalized-HRR (%)

MNormalized-HRR (%)

] B ]

3
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B: Injection Pressure (Bar)
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Figure 7. Heat release rate analysis of contour plots
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Figure 8. Heat release rate analysis of 3D surface

Emission variables, which include CO, CO2, and NOx, also followed
quadratic models, whereas all the parameters yielded significant re-
sults (p < 0.0001 for CO and CO2, and p = 0.0268 for NOx), as pre-
sented in Table 5. The CO model showed particularly strong results,
with an F-value of 55.60, indicating that changes in the L/D ratio
and throat angle have a marked effect on CO emissions. The NOx
model, which required a natural log transformation as monitored in
Figure 4, demonstrated the importance of controlling temperature
to minimize NOx emissions, as observed in Figure 9 and Figure 10,
which present contour and 3D surface plots for NOx.
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Figure 9. NO_analysis of contour plots
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Figure 10. NO_analysis of 3D surface

Figure 11 and Figure 12 shows the validation of performance met-
rics such as pressure and temperature, and as well as emission char-
acteristics, including pollutants such as CO, CO2, and NOx. These
comparisons are vital to identify whether the prediction through
RSM is statistically fitted or not. This helps to assess both efficiency
and impact. Any influential data points that affect the model reli-
ability can be identified using Cook’s distance, as shown in Figure
13 and Figure 14. The accuracy in the regression model is important
for predicting the key outcomes. The residuals between the CFD
and RSM models are plotted as shown in Figure 15, Figure 16, and
Figure 17 for the performance parameters. This can be categorized
into three residual types, and those are residual, internally studen-
tized residuals, and externally studentized residuals. Each residual
prediction accuracy is varied, which clearly shows how the RSM
prediction model matches with the CFD models. The emission-re-
lated residual comparisons were shown in Figure 18, Figure 19, and
Figure 20. Curves indicate that internally studentized and externally
studentized residuals consist of deviations for every run order for
the emission variables. This statistical imbalance leads to the devia-
tions in experimental values.
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Figure 17. Heat release rate difference of CFD and RSM regression

model

Figure 18. Carbon monoxide difference of CFD and RSM
regression model

Figure 19. Carbon di oxide difference of CFD and RSM regression

model
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Figure 20. NO_difference of CFD model and RSM regression
model

Finally, the optimization results show that balancing emissions
and combustion efficiency requires the right set of parameters. The
ideal parameters are an L/D ratio of 1.945, an injection pressure of
65.12 bar, and a throat angle of 70°. These parameters minimize CO
emissions to 20.07%, CO, to 85.341%, and NOx to 12.461%, while
producing a pressure of 72.938%, a temperature of 96.831%, and an
HRR of 61.453%. As indicated in Figure 21, Figure 22, and Figure
23, the optimization plots verified that these values offered the opti-

mum balance between performance and emission reduction.

A: Throatangle B: Injection pressure

- i

45 70 0 150

C:L/D Ratio

1 2

Figure 21. Optimized ramp plots for factors
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_— ) —
i) 100 ] 100
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e
—
a 100

Figure 22. Optimized ramp plots for performance parameters
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Figure 23. Optimized ramp plots for emission parameters

The fuel spray distribution inside the cylinder region was shown
in Figure 24, where the design was prepared based on the optimal
desired parameters. The Figure 24 shows the fuel equivalence ratio
with respect to crank angle in degrees at various points during the
combustion, which includes the equivalence ratio from the time of
fuel injection to the time of combustion. The fuel spray timing is
important to achieve a balance between power, efficiency, and emis-
sion control, which is required for an efficient and environmentally
friendly combustion process. The timing of fuel injection and com-
bustion was influenced by the crank angle. Colour indices values
from Figure 24 consist of a range of values that help us identify
whether the formation of the air-fuel mixture inside the cylinder
is a lean or rich mixture. A ratio of 1 represents that the engine op-
erates at stoichiometric conditions; values greater than 1 lead to a
rich mixture, and less than 1 give a lean mixture. The correct fuel
injection timing leads to a better air-fuel mixture formation, which
enhances the combustion process.
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Figure 24. Fuel spray distribution of optimal desired parameter

The temperature distribution during the power stroke at different
crank angles was shown in Figure 25. The observation of results
highlights how the temperature varies throughout the combustion
process. The distribution of temperature was observed with the aid
of colour indices, which represent maximum and minimum tem-

perature. Images from the table were taken from -20° CA to +18°
CA. The temperature is higher from -4° CA to 18° CA. The progres-
sive temperature rise is the reflection of the combustion process with
higher temperatures near -6° CA, indicating the point of optimal
combustion. The analysis of temperature contours shows about the
spatial distribution of thermal energy inside the combustion cham-
ber, highlighting the locations of maximum temperatures inside the
cylinder during the combustion process. The temperature distribu-
tion from Figure 25 plays a vital role for a better combustion pro-
cess. Achieving higher temperatures leads to an increase in pressure,
which was mandatory for better combustion to take place inside the
cylinder. The temperature contours from -20° CA to +20° CA indi-
cate the flame travel and distribution from the pre-chamber to the
main cylinder. Pre-chamber orifices assist flames to reach the higher
velocities and distribute the high-temperature zones throughout the
main cylinder regions. This results in a faster combustion process.
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Figure 25. Temperature distribution of optimal desired parameter

The RSM model is validated afterwards in CFD to analyze the re-
liability and prediction of the RSM model. Figures 26, Figure 27,
Figure 28, Figure 29, Figure 30, and Figure 31 shows the validation
data comparisons for both the RSM model and the CFD simula-
tion model. Performance parameters such as pressure, temperature,
and heat release rate are validated. Pressure and temperature results
from CFD simulations show very minor deviation when compared
to the RSM model. But variable heat release rate shows major devi-
ations, which shows the lack of prediction through RSM. Regarding
the emission parameters such as CO, CO,, and NO_, CO and CO,
show minor variations when compared to NO_, which shows higher
variation.
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Figure 26. Validation of pressure character for RSM and CFD
optimal model
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Figure 27. Validation of temperature character for RSM and CFD
optimal model
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Figure 28. Validation of heat release Rate character for RSM and
CFD optimal mode
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Figure 31. Validation of NO_ character for RSM and CFD optimal
model

5. Conclusion

The utilization of the combined methodology of RSM and CFD in
order to optimize the performance and emission characteristics of a
four-hole pre-chamber combustion was successfully completed. The
RSM analysis was performed by considering the factors of orifice
throat angle, injection pressure, and L/D ratio to identify optimal
operating ranges in order to increase the engine efficiency. The
Box-Behnken design, which consists of 13 distinct models, was
identified, and CFD simulations for those models were conducted,
and the responses of variables are given. Analysis of variables is con-
ducted to identify the best optimal factors, and those factors are a
throat angle of 70 degrees, an injection pressure of 65.12 bar, and an
L/D ratio of 1.945. Design and CFD simulation were performed for
this optimal model, and the results were validated. This combined
methodology of RSM and CFD together aids in minimizing harmful
emissions like NOx and CO and also in order to improve the GDI
engine efficiency. The refined model demonstrates improved param-
eters, including superior fuel-air mixing and turbulence intensity,
which contribute to complete combustion. Additionally, the opti-
mized design yields lower NOx emissions, attributed to enhanced
flame propagation and minimized quenching effects. The enhance-
ments correspond with BS VI and Euro VI emission regulations,
which are pertinent for the development of low emission engines.
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