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Abstract - The increase in pollutant formation globally by the utilization of IC engines leads to the implementation of stringent
norms worldwide. The aim of this work is to reduce emission formations and improve GDI engine efficiency with a Pre-
Combustion Chamber (PCC) by finding optimal factors of statistical analysis using Response Surface Methodology (RSM).
An Sl engine having GDI equipped with a six-hole orifice PCC is optimized using RSM in the design of experiments. Key
factors such as orifice throat angle, injection pressure, and L/D ratio were considered in RSM design, and responses were
observed with Box-Behnken design techniques. Before conducting a CFD simulation for the statistical analysis method,
validation of the CFD simulation was performed. The CFD setup designed for different runs of the statistical RSM approach
and optimal factors of simulation predicts the accuracy of RSM responses and helps confirm optimal factors for engine
operating conditions of a six-hole PCC in a GDI engine. Peak cylinder pressure achieved for the CFD-simulated model is
66.39 bar, indicating an error percentage of 1.94% higher than the RSM model. The percentage of error between the RSM

and optimal factors of the simulation was less than 4% compared to the heat release rate and NOX.

Keywords - Computational Fluid Dynamics, Pre-Combustion Chamber, Response Surface Methodology, Spark ignition engine,

CFD, GDI, PCC.

1. Introduction

Over the past few decades, the quality of the ambient air
has been declining, particularly in urban areas [1]. Vehicle
emissions are an important factor contributing to the decrease
in ambient air quality [2]. The automotive industry has
focused on creating cleaner and more efficient internal
combustion engines due to the increased environmental
concerns and strict emission requirements, such as BS-VI and
Euro criteria that have been implemented globally [3].
Traditional Spark Ignition (SI) engines, which were widely
used, face challenges in meeting these new standards,
particularly regarding NOx emissions [4]. Particulate matter
generation is a disadvantage of gasoline direct injection, but
it is a promising solution that increases power output and fuel
efficiency [5]. TO minimize NOy, the application of a pre-
combustion chamber to a GDI engine is introduced, which
helps in combustion stability and to burn ultra-lean mixtures,
and CFD methodology provides a comprehensive analysis of
the SI engine [6]. The Reynolds-Averaged Navier-Stokes
(RANS) approach significantly reduces computational time
by averaging the governing Navier-Stokes equations over
time. This process models the effects of turbulence rather
than resolving every fluctuating eddy, which are the smallest,
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most energy-consuming fluid motions [7]. Flame spatial
distribution inside PCC directly correlates with combustion
stability. Tangential hole design provides superior
combustion stability compared to radial holes. Radial holes
create significantly higher cycle-to-cycle dispersion in PCC
flow [8]. Parameters such as air-fuel ratio, turbulence
stratification and dynamic behavior of jets influence the flow
fields while jets passing through the PCC orifice into the
main cylinder [9]. Smaller nozzle diameters create more
intense reacting jets and stronger gas choking conditions,
influence flow field patterns, and enhance jet penetration and
mixing characteristics [10]. The mixture's enleanment raised
the velocity ratio, which caused the distributed regimes to
shift the fractured reaction zone and considerably reduce the
flame propagation speed in PCC [11, 12].

The geometry of PCC and engine operating parameters
performs vital role in the performance of the engine [13, 14].
Related to the ordinary ignition system, the turbulent ignition
system's combustion was more rapid and sophisticated. High-
quality combustion results from the PCC system's extension
of the air-fuel mixture's flammability limit [15, 16]. Heat
losses in boundaries and phasing of combustion were
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significantly affected by flame jet velocity from PCC to the
main chamber [17, 18]. The ignition delay time is decreased
through the use of a PCC [19]. The L/D ratio of the orifice
and diameter of throat impact jet characteristics and
combustion performance, and also enhances flow at the
orifice, leads to differences in pressure and jet velocity [20],
[21]. Through the optimization of pre-chamber geometrical
factors such as L/D ratio and orifice throat angle, we can be
able to increase the engine efficiency [22].

The jet development and stability change happen due to
the pressure differentials in the narrow throat PCC design
[23, 24]. The percentage of NOx and CO emissions generated
inside PCC itself rises during PCC volume is decreased.
Pollutants may occur as a result of more intense combustion
conditions inside smaller prechambers [25]. Compression
ratio, injection pressure, and timing are important optimized
factors that significantly increase brake thermal efficiency
and lower emissions [26, 27]. Using the desirability
approach, response surface methodology aids in optimizing
emissions in response [28]. RSM approaches were used to
optimize the combined impact of Start Of Injection (SOI) and
Exhaust Gas Recirculation (EGR) on engine performance
and emissions [29]. Numerous interconnected design
elements, including pre-chamber volume, orifice number,
and orifice diameter, affect the engine's combustion and
emission characteristics in pre-chamber GDI engines. The
Box-Behnken design helps in determining and measuring the
factors' interaction effect [30, 31].

Pre-chamber ignition systems have been the subject of
numerous research studies that have looked at their potential
to increase combustion stability and lower emissions [32, 33],
but little is known about how certain design and operating
factors affect overall performance. Few studies have
examined the individual impacts of orifice angle, injection
pressure, and L/D ratio; most of the work that has been done
so far has concentrated on individual components such as
nozzle size, chamber volume, or overall geometry [34, 35].
In ultra-lean settings, steady ignition and effective
combustion depend on these factors, which also have a direct
impact on jet penetration, turbulence production, and mixture
preparation. The above studies imply the individual
methodology to analyze prechamber engines, while the
significance of using RSM methodology is lacking, which
helps to minimize computational cost and for effective engine
optimization.

The goal is to investigate the critical design and
operating parameters, such as PCC orifice L/D ratio, throat
angle, and injection pressure. The hypothesis of this research
work is to reduce computational effort through the integration
of CFD with RSM, and also the geometrical influence of PCC
on combustion and emission characteristics. The pre-
combustion chamber is widely used for its lean-burn
capability. However, optimization studies on its geometrical

factors combined with statistical design methods are limited.
The originality of the research work is in the use of the Box-
Behnken design to optimize pre-combustion chamber
geometrical parameters and also in the multi-response
optimization approach. Several studies related to pre-
chamber ignition systems have been done, but regarding the
optimization of six-hole passive pre-chamber geometry and
its influence on performance and emission parameters, it is
not discussed, nor is the combined approach of CFD and
statistical optimization explored. The uniqueness of this work
relies on the CFD-based investigation of a six-hole passive
pre-chamber, optimization of multiple responses, statistical
evaluation of RSM, and identification of optimum pre-
chamber parameters.

2. Materials and Methods

A simulation approach is performed to analyze internal
combustion engine performance and emission characteristics.
The modelling process was conducted step by step with the
use of the required geometrical data. The prepared
geometrical model is diagnosed for surface errors such as
intersections, open edges, and non-manifold errors.
Boundaries were separated using different color
identification, and ID numbers were assigned. The case setup
was prepared, and it was mandatory to assign boundary
conditions such as velocity, temperature, and pressure. A
crank angle-based simulation approach is carried out; engine
details, valve timings, simulation time parameters and
injection parameters are given as shown in Table 1. Fuel
properties and fuel injection parameters, such as the fuel
reaction mechanism with oxygen at particular temperatures
and pressures inside the cylinder and the location of the
nozzle and injector, injector diameter, and spray cone angle
length and diameter, were given. The injector model has a 10-
degree spray cone angle and a 0.0003-meter nozzle diameter.
Smaller nozzle diameters help to achieve improved
atomization of fuel and reduced emissions [36]. Initialization
settings such as cylinder temperature, species found, and
fraction of species were determined. Solver settings consist
of PISO (Pressure-Implicit with splitting of operators) solver
chosen to solve Navier-Stokes equations due to its accuracy
for compressible flows and reduced iterations per time step
[37].

Inside the cylinder, the turbulent flow is highly unsteady
and consists of strong swirl, squish, and jet interactions while
combustion takes place. So in order to capture these turbulent
variations, the Reynolds-Averaged Navier-Stokes equations
approach is adopted with the RNG k-epsilon turbulence
model, and also, while compared with standard K-epsilon,
RNG k-epsilon provides improved stability with less
computational cost. The modeling of combustion was
conducted by the selection of the SAGE combustion model
because of its ability to solve detailed chemical kinetics,
which leads to better prediction of flame propagation. The
prediction of fuel behavior when injected is very vital for
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better predictions. The Kelvin-Helmholtz Rayleigh-Taylor
spray breakup model is used to solve high-pressure injections
and to predict droplet breakup. Boundary conditions were
applied according to the engine operating conditions.
Boundaries were separated individually, such as the piston,
liner, pre-chamber, head, and valves. A piston is a moving
boundary, so translating motion is applied with temperature
with respect to the operating conditions. Valve profiles were
given for translating valves, while other boundaries were
static boundaries. The convergence criteria were adopted to
ensure numerical stability by monitoring the residuals of
governing equations at each time step, i.e., simulations were
considered converged when residuals were reduced below
0.0001 to 0.000001.

Table 1. Engine specifications, valve timing and injection parameters

Parameter Specifications
Bore 86mm
Stroke 86mm
Displacement 499.5cm®
Speed 1000rpm
Compression Ratio 9.2
Connecting rod length 145mm
Simulation Period 720°CA

10°bTDC (Before
55%aBDC (During
550aBDC (During
10°aTDC (During

Inlet VValve Opening
Inlet Valve Closing
Exhaust Valve Opening
Exhaust Valve Closing

Start of Injection (SOI) -370.0°CA
Injection Duration(50, 55.907° CA
100 and 150 Bar)
Fuel Type Gasoline

Figure 1 displays a front view of the engine with case
setup and a magnified view of the pre-chamber attached to
the engine cylinder. The PCC consists of six orifices that
connect the cylinder region. Parameters such as orifice
diameter, angle along the pre-chamber axis, and L/D ratio are
important for optimizing flame travel into the main
combustion chamber [38]. Improper designs will lead to poor
combustion in the PCC, which leads to poor combustion in
the main cylinder. These factors will directly influence the
performance and emission parameters, respectively. Density-
based solvers that improve solution stability were selected
because of the high-speed flames traveling through orifices
from the PCC to the main chamber; rapid pressure and
density changes occur inside the cylinder. Energy equations
can be solved in a fully coupled manner using this type of
solver, and there is better handling of species transport in
multiphase combustion scenarios.

The boundary conditions given were based on operating
conditions of the engine, such as pressure, wall temperatures,

inflow and outflow boundaries, and static and moving
boundaries. No slip wall boundary conditions were given for
solid surfaces. A fixed embedding meshing strategy was
implemented along with the base grid for the critical regions,
such as intake and exhaust valve angles, spark plug region,
and throughout the cylinder, to obtain better numerical
results.

Fig. 1 Schematic front and magnified view of pre chamber attached
with cylinder

Accurate prediction of turbulence is particularly crucial
in combustion modeling since it directly affects flame kernel
development, burn rate, and emissions [39]. A mesh
independence study is held to validate the CFD model, as
shown in Figure 2. Experimental data and CFD simulations
consisting of 4 mm, 6 mm, 8 mm, and 10 mm varying grid
sizes were plotted. The x-axis, which shows the crank angle
from -360 ° CA to 0 ° CA, and the y-axis shows the
instantaneous fluctuation velocity along the cylinder's z-axis
region. Observation of the plot shows that the 4 mm grid size
has the best agreement with experimental data compared with
other grid sizes. When compared to experimental data, the
divergence increases with coarser grid sizes. Compared to the
4 mm grid size, grid sizes of 6 mm, 8 mm, and 10 mm exhibit
a sharp drop in turbulence around -260°CA after the
turbulence peak is reached.

The 4mm grid size improved the resolution of parameters
such as scale eddies and flow gradients. Also, the size of the
grid was validated through consideration of 4mm, 6mm,
8mm, and 10mm. This is also known as the study of grid
independence. So from this validation, the grid size 4mm
confirmed better results and followed the trends of
experimental data very closely. This study was conducted
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before coined the number of runs of simulation through the
Box-Behnken design method in RSM. Once the optimal
factors and response were obtained, the validation of the
optimal simulation from the optimal factors in RSM with the
CFD simulation response. Both the RSM optimal response
and CFD optimal factors of simulation were confirmed by the
very low % of error, and this was also discussed in the results.

o0
J

improve processes that are affected by a number of variables
[40]. It is also helpful for creating second-order (quadratic)
models without needing a complete factorial design, which
lowers computational costs and improves the viability of
simulations and experiments [41]. BBD arranges the points
of experiments at the midpoints of the edges of the
experimental domain includes several centre points to
estimate experimental error [42]. For a three-factor design,
BBD requires a humber of design points, such as 17 runs,

Zg 6] Tekesdigntal which consists of 5 centre points, i.e., repeatable experiments
og 4mm [43]. The name and the number of factors and their low-level
5 1 =6 mm values and high-level values were given as shown in Table 2.
§ 12 - _'_?Omr;“m Table 3 displays the coded factor levels for a Box-Behnken
S 10 design with six responses. N=2K (K-1) + Co, where K is the
§ 2] number of factors and Co is the number of central points, is
::‘3 ) the formula needed to develop BBD [44].
§ 5] y \/7/7/ \" Table 2. Input factors and their ranges used in the Box-Behnk_en design
s P B ,‘\')A'M\/ \/f Factors Description Low High
2 Level Level
BT T e T e Throat
-350 -300 -250 -200 -150 -100 -50 0
Crank angle (deg) A Angle(deg) 4 70
Fig. 2 Mesh independence study B Prégéi(r;:(()gar) 50 150
Response Surface Methodology (RSM) uses the y
statistical technique of Box-Behnken Design (BBD) to L/D ratio 1 2
Table 3. Coded factor levels and six responses
Surface Normalized Response
< ) ~ S
E =) @ (n) o\: :: < — —~ —~
S eS| 28| &£ | 3 > | & | £ ] 2
[<5) © ~ X
e 82| 5| & 3 : : 3 S
E< | 88| 3 & £
- = 3]
@] £a [
1 45 50 15 | 63.918 2671.92 173.556 39.329 58.1054 | 0.183022
2 57.5 100 15 | 64.912 2637.07 207.901 | 43.9599 | 54.4718 | 0.138366
3 70 100 2 65.037 2646.05 259.262 | 43.3589 | 54.8888 | 0.0660032
4 57.5 100 15 | 64.912 2637.07 207.901 | 43.9599 | 54.4718 | 0.138366
5 70 150 1.5 | 64.656 2690.48 215.57 38.1914 | 58.4628 | 0.194615
6 45 150 15 | 62.672 2670.65 211.661 | 37.9283 | 58.7505 | 0.101471
7 70 50 15 | 64.15 2654.16 241.106 | 41.2783 | 56.6636 | 0.173627
8 70 100 1 64.342 2642.67 240.868 | 43.7008 | 54.6514 | 0.0642853
9 57.5 50 2 66.054 2673.51 188.649 | 40.0404 | 57.5696 | 0.175095
10 57.5 150 2 65.046 2681.2 223.259 | 38.2129 | 58.5484 | 0.0947269
11 45 100 2 63.737 2630.94 201.204 | 44.8034 | 53.8609 | 0.0560774
12 57.5 100 15 | 64.912 2637.07 207.901 | 43.9599 | 54.4718 | 0.138366
13 57.5 50 1 65.591 2669.97 197.549 | 41.6078 | 56.4375 | 0.069029
14 57.5 100 15 | 64.912 2637.07 207.901 | 43.9599 | 54.4718 | 0.138366
15 57.5 150 1 63.568 2664.04 229.057 | 40.3749 | 56.9242 | 0.169177
16 45 100 1 62.114 2647.02 224.193 | 41.6439 56.156 | 0.0717324
17 57.5 100 15 | 64.912 2637.07 207.901 | 43.9599 | 54.4718 | 0.138366




Karthikeyan M et al. / IIME, 13(7), 1-15, 2026

3. Results and Discussion

The Simulation work is conducted for 17 runs, and the
response values were given. Furthermore, analysis of six
responses was conducted individually, and no
transformations were given for all six responses while

forming the regression model, i.e., A=1 for all responses, as
monitored from the box-cox plots A values lie within the
confidence interval for responses pressure, temperature, CO
and CO,. However, for NOy and heat release rate, it shows a
curvature, which means that the optimal lambda is slightly
less than one but within the range, as shown in Figure 3.

Pressure Temperature Heat release rate
0.4 6.2 6.41
o3 61 62 /
% 0.2 % 6 &
El el 5 601
2 014 859 2
§ 8 8 5.8
g o %5.8— %
o '/I/ 5.7 567
~—
0.2 N B 5.6+ 5.41
3 2 -1 0 1 2 3 ENE \ ) : . ¥, ) :
Lambda 2 % 1 Lan(l)bda : % 2 . 1Lam({)da . 2 4
Co Cco2 NOx
2.34 1.7 -4
2.2+ ,\1 6 45
221 & 151 A
S 21 14 3
8 K £-5.51
& 1.9 &13 & 7 .5.73522
E 3 S 6
1.8 1.24 6
1.74 1.14 /I/ -4.5 ' ‘ : .
3 2 -1_0_.1 2 3 3 & 1 0. _1 2 B 302 1.0 1 2 3
Lambda Lambda Lambda
Fig. 3 Box-Cox plot for six responses
Table 4. ANOVA table
Sum of Degrees of
Response Variable Squares Freedom SMSZpe M\?gﬂe':' M\(/);ilep_ Si m%gglnce
(SS) (DF) q g
Pressure (bar) 15.08 9 1.68 13.19 0.0013 Significant
Temperature (K) 5317.54 9 590.84 14.39 0.0010 Significant
Heat release rate 6452.48 9 716.94 13.47 0.0012 Significant
CO (mg) 84.90 9 9.43 11.13 0.0022 Significant
CO;z (mg) 44.51 9 4.95 10.78 0.0024 Significant
NOx (mg) 0.0334 9 0.0037 13.73 0.0011 Significant

The quadratic process is selected to analyze the
interaction and quadratic effects. Where interaction shows
the combination of factor terms that influence the response,
and quadratic terms capture the non-linear effects, which
collectively gives us the regression model. Table 4 shows the
sum of squares, model F-values and P-values for responses at
a confidence level of 0.05 (95%), which represents that the
overall model significance is good. Factors were considered
as A, B, and C, where A is the throat angle, B represents the

injection pressure, and C is the L/D ratio. The quadratic
regression equation formed is given below in equation 1. The
regression equation consists of constants, linear effects of
factors, interaction between the factors, and the quadratic
effects of the factors.

Y =8y +B1A+ BB+ [3C+ B124AB + 13 AC +
B3 BC + 11X + P22 X7 + B3aX3 1)
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Table 5. Coefficient of determination for responses

Responses R? Adjusted R? | Predicted R? | Adequate Precision
Pressure 0.9443 0.8728 0.1094 13.1459
Temperature 0.9487 0.8828 0.1796 10.4195
Heat release rate | 0.9454 0.8752 0.1267 16.2887
CO 0.9347 0.8507 -0.0450 9.2759
CO; 0.9327 0.8461 -0.0771 8.8607
NOx 0.9464 0.8774 0.1419 11.3324

The coefficient of determination R2 values are greater
than 0.93, which shows 93% of the variability for the
developed regression models as shown in Table 5. This
clearly indicates that quadratic models provide a better
relationship between the input factors and responses.
Adjusted R2 values range from 0.8461 to 0.8828, which is
nearby to the corresponding R? values, and it indicates that
no unnecessary terms affects regression equations. The
adequate precision values for all responses are greater than 4,
which indicates that the developed models are adequate for
exploring the design space. When the model of each
responses show the significance through the ANOVA table,
which means the lack of fit test is insignificance. This
indicates that regression models are suitable for the analysis
of responses.

Pressure
954| O Temperature
O HRR

CcO

Normal probability %
=

T T T

45 -0 -5 0 5 0 15
Externally studentized residuals

Fig. 4 Normal probability plot for the responses

The leftovers from the regression model were normally
spread out. So we looked at a graph called a normal
probability plot, which is shown in Figure 4. This graph has
Z-scores on the bottom. The normal probability plot helps us
understand how the regression model leftovers are
distributed. We used the regression model leftovers to make
this plot. The regression model leftovers are important to
check. These scores were calculated from ranking the
residuals. The vertical scale shows the residuals from the
simulations. If the data were perfectly normal, all points
would line up on a diagonal line. The values in this plot are
close to the line. This closeness gives us confidence in the

model’s assumptions about the data and residuals. A couple
of points, most noticeably those with residuals near +7.917
sat well away from the rest, hinting at possible outliers.
Although they stand apart, these few extremes did not affect
the overall pattern, and the bulk of the points still followed
the line closely enough to support the model’s use within the
tested range.

Cook’s Distance was shown in Figure 5 to spot any runs
that might be pulling the regression model more than the rest.
Along the bottom of the plot are the run numbers, and the
vertical scale shows the D; values for each response. A
horizontal red line marks the usual cut-off at D=1, above
which a run can be considered influential. Most of the points
sit well below this line, which means they have little sway
over the fitted equations. Even so, a few cases, most notably
runs 6, 7, and 8 in certain responses, rise above the boundary.
These are the runs where a combination of higher leverage
and larger residuals makes them stand out from the bulk of
the data. That doesn’t automatically mean they are wrong, but
they simply reflect operating conditions that differ from the
rest of the test space. Removing them would likely shift the
model parameters, so they were kept, but with their influence
noted. Overall, the low Cook’s Distance for the majority of
runs supports the stability of the models across the
experimental domain.

[H  Pressure
204 [0 Temperature| o O O
“| O HRR B a8
co RS
CO,
8 1.5 . NO. aS *
8 2 & %
7
kS O @ © N o
i 1.0 12 A
g 88o0 o
~ 2 Q
0.5 r B 73’
E ; D LR I o] .
00+—a#0¢4s S -nSamn'0s
0 2 4 6 8 10 12 14 16 18

Run number

Fig. 5 Cook’s distance values for identifying influential runs across
responses
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The residual patterns for pressure, temperature, Heat
Release Rate (HRR), CO, CO-, and NOyx were checked using
externally studentized residual plots as shown in Figure 6. In
each case, predicted values are on the axis. The vertical axis
shows the residuals. There are lines that mark the plus or
minus 4.81963 limits. Ideally, the points should not follow a
clear pattern, and they should also stay within these limits.
For pressure, CO, and CO., this was mostly the case, with

residuals lying close to zero and no signs of systematic drift.
As shown in Figure 6 for temperature, heat release rate and
NOy, one or two points or runs were found outside the
boundary line, which indicates the outliers. Most of the data
points for every response remained near the Z-score line and
in the expected range, while some points deviated, and this
doesn't influence the regression model.

10 —— 15
é é - | m Temperature
<l 9 J
g 51481963 K "
3 9 5 4.81963
N % b =
=4 ° = u ]
E B e £ 7 a =
Z @ 7
2 2 -5
?E S Té -4.81963
‘f:': -4.81963 5 10
% . & .
-10 -15 - : : - r
62 63 64 65 66 2630 2640 2650 2660 2670 2680 2690
Predicted Predicted
w 8 : a O —
s | ® HRR s 4.81963 A Co |
9 4.81963 2 4 A
3 4 3 A
g2 4 ° 2
o °
g 2 ¢ ] ® 8 2 L A
2 £ =
2 0 e o - - [ g 0 la P
= i~ A
? _ 7
IS 2 ° o, 25 A A
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6 s 8
1] @
E 4.81963 | * co, e * ® NO,
3 4 = S 61481963
b 7 Ll
2 * 2 4
2 2 g .l o
b * * N2
2 * < S ®
o - 5
g 0 * - — 3 0 = 2 e
7 %
= -2 * * > -2 @
E 3 4
E . * E
£ 4 * s -4.81963
% % =6 @
4] 1—4.81‘)6} o
-6 -8 - - -
53 54 55 56 57 58 59 0.05 0.10 0.15 0.20
Predicted Predicted

Fig. 6 Predicted Vs. externally studentized residuals for identification of outliers

The Figure 7 and 8 shows interaction effects of two
factors, A and B, throat angle and injection pressure, while
keeping C constant, i.e., the L/D ratio, on response pressure.
Curvature on the surface plot and contour plot indicates that
factors are not independent, which shows interaction effects
on response, and the combination of factors throat angle and
injection pressure contributes to the pressure variation.

The combination or interaction effect of factors A and B
on response temperature is observed. Maximum values of
throat angle and injection pressure lead to increased
temperature predictions. Design points indicate the variation
between the actual data and model prediction, either greater
or lesser values.

R1:Pressure

65.1138

7
Z
s
277 G777
1y e s

77777777
o

B:Injection pressure (bar)
Pressure (ba

50 55 60 65
A:Throat angle (deg)

62.114 Il Tl 66.054

@ Above Surface

. Design Points: © Below Surface

Fig. 7 2D contour and 3D surface plots of predicted response-pressure
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Temperature

° = = oy
=3 =) = 2

B: Injection Pressure (bar)
&
=

45 55 60 65 70
A: Throat angle (deg)

2630.94 D W 2690.48
. Above Surface
. Design Points: () Below Surface

Fig. 8 2D contour and 3D surface plots of predicted response-
temperature

A contour plot and a three-dimensional response surface,
as shown in Figure 9, illustrate how the Heat Release Rate
(HRR) is affected because the combination of injection
pressure and throat angle. The contour plot's colourful areas,
which range in value from roughly 174 J to 259 J, show
variations in HRR. It is simpler to notice how the reaction
changes over the factor space by using the contour lines,
which are labelled with distinct HRR levels. The design
points are highlighted with red markers indicates that the
observed HRR was slightly higher than the model prediction,
while lighter ones show the opposite. An increase in throat
angle enhances HRR, and this effect becomes stronger when
combined with higher injection pressure. The surface,
however, does not rise uniformly; instead, it shows a curved
profile, meaning the relationship is nonlinear. This curvature
suggests that HRR increases up to a certain range of factor
settings before the rate of improvement slows, pointing
toward the existence of an optimum region. The model
predicts a maximum HRR of 244.426 J, which is in good
agreement with the surrounding design points. Finally, the
combination of both factors, throat angle and injection
pressure, strongly affects HRR, and the fitted model is able
to capture their combined influence.
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R e a e
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Fig. 9 2D contour and 3D surface plots of predicted response-
HRR
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Fig. 10 2D contour and 3D surface plots of predicted response-CO

The interaction effect of throat angle and injection
pressure on CO emission is shown in Figure 10. Results
indicate a non-linear distribution, with values ranging from
37.93 mg to 44.8 mg. The surface plot shows the curvature of
the response, which means quadratic behavior, while the
design points match closely with the fitted surface.

R5:CO2

Prediction 58.7505
=1

B:Injection pressure (bar)

55 60 65
A:Throat angle (deg)

538609 T 58.7505

. Above Surface
@ Design Points: O Below Surface

Fig. 11 2D contour and 3D surface plots of predicted response-CO,
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Fig. 12 2D contour and 3D surface plots of predicted response-NOx
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Figures 11 and 12 show how the injection pressure and
throat angle affect CO2 and NOx emissions. The CO2 graphs
clearly show that the response is not in a straight trend but
formed as a curved pattern. A low-emission zone is created
in the middle of the design space when the CO2 level falls at
moderate injection pressures and neck angles. This suggests
that the combustion process is more efficient and emits less
CO2 when conditions are balanced. Nevertheless, as the
injection pressure and neck angle are pushed toward higher
values, the emissions rise once more; the maximum
anticipated concentration is approximately 58.75 mg. As is
common with quadratic effects, improvements are only
apparent within a limited working window. However, a
different story is told in the NOx plots. Here, the surface
shows that NOx emissions tend to grow gradually with throat

angle but tend to decrease with increasing injection pressure.
Despite the relatively small magnitude of NOx, which ranges
from roughly 0.056 to 0.195 mg, the graphs' curvature shows
that the interaction between the two components has a
significant impact on the reaction. At the centre of the space,
the model shows a value of around 0.096 mg. This makes
sense because when you increase the pressure of the fuel, it
gets broken down into bits, which helps to keep the
temperature from getting too high and produces less NOx. On
the hand, if you make the throat angle bigger, it helps the air
and fuel mix together better, which can make the flames
hotter and actually creates more NOx. The model is talking
about the space and the amount of NOXx in the space, and how
the model forecasts the amount of NOX in the space.

45 70 50 150 | 2
A:Throat angle = 70 B:Injection Pressure = 146.367 C:L/D Ratio =2
62.114 66.054 2630.94 2690.48 173.556 259.262
Pressure = 65.1138 Temperature = 2693.33 HRR = 244.428
_T\’_ _/T_ —I\.\I
37.9283 44.8034 53.8609 58.7505 0.0560774 0.194615
CO =37.8557 CO2 = 58.7506 Nox = 0.0965891
Fig. 13 Ramp plots indicate the optimized values for factors and responses

o The ramp plots for the optimal operating conditions and

Desirability the accompanying responses are shown in Figure 13. The

A-Throat anale 1 throat angle, injection pressure, and L/D ratio are each

o g represented on a vertical panel at the top. The ramps' red dots

B:Injection Pressure 1 show the ideal settings that have been chosen within each

C:L/D Ratio 1 range. Here, the injection pressure is set at about 146 bar, the

Pressure 1362 throat angle is fixed at 70°, and the L/D ratio is set at 2. The

Temperature 1 numbers were selected because they balance several answers

P at once and maximize the overall desirability function, which

HRR 826917 indicates the combined desirability as shown in Figure 14.

Cco 1 The model predicts a pressure of about 65.1 bar, a

co2 1 temperature of 2693 K, an HRR of 244 J/CA, and emissions

Nox /577 of 37.8 mg CO, 58.7 mg CO, and 0.097 mg NOx. The slope

) of each ramp shows whether the response increases or

Combined | ‘ 873919 decreases with the factor settings. A rising ramp indicates a

0 05 1 15 tendency toward higher response values at the selected

Fig. 14 Desirability for optimized values

optimum, while a declining ramp points to reduced response
values.
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Fig. 15 Fuel-air equivalence ratio

Fuel-air equivalence ratio is a vital parameter that leads
to better combustion to take place inside the cylinder. Figure
15 shows the fuel-air equivalence ratio for the crank angles
from -365CA to -5CA. At -370 CA fuel is injected into the
cylinder using an injector, and fuel spreads and mixes with
the air gradually. The mixture ratio values were identified
using the contours. The in-cylinder equivalence ratio
distribution at different crank angle points is displayed in
order to illustrate the temporal and spatial evolution of the
fuel-air mixture during the intake and compression
operations. Just after the intake valve opens, charge
distribution is highly uneven at -365 CA. The initial fuel
injection causes localized rich zones to form near the valve
curtain region. As the crank angle increases to -360 CA and -
355 CA, the mixing process grows, and the distribution
spreads more in the cylinder. In the bulk volume, leaner areas

.

-8 CA

~a

-14 CA

10

are visible, but rich mixed pockets (¢ > 1.6) are seen close to
the spray core. At -120 CA, we can able to observe that the
fuel-air mixture occurs due to the tumble motion created
inside, and further the mixing gets good and reaches to near
stoichiometric around -20 CA, whereas some amount of rich
mixture is found near the valve regions. This steady
development emphasizes how important injection pressure,
throat angle, and L/D ratio are for encouraging mixture
preparation. Near ignition timing, a more uniform charge
gradually replaces the various stratified mixture seen in the
early crank angle phases. Such behavior promises an
appropriate balance between combustion stability and flame
propagation speed and affects the generation of emissions.
Whereas later dilution with lean regions helps minimize the
generation of CO and soot, early-phase rich regions promote
ignition.
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Fig. 16 Flame propagation from PCC to the main chamber

Burning development can be seen by in-cylinder
temperature contours from -20 CA to +20 CA as shown in
Figure 16. The chamber temperature stays uniformly
compressed and rather low prior to TDC. When hot spots
appear at TDC, ignition starts, and the temperature rises
sharply as a result of the flames' quick spread. After ignition,
maximum temperatures surpass 2600 K, yet the walls
continue to have cooler areas because of heat transmission

L/, < /)
. - - -
)” £
—

-20 CA

-18 CA

11

and quenching. The chamber is nearly completely burned by
20 CA, revealing a hot core encircled by cooler boundary
layers. The in-cylinder thermodynamic evolution during the
compression and combustion phases is clearly visualized by
the series of temperature contour graphs from -20 CA to +20
CA. The temperature distribution is still fairly uniform at -20
CA, with lower values signifying compressed but unburned
gases.

-16 CA
=57"
-8 CA -6 CA
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Fig. 17 Temperature distribution during the combustion process

The charge is still in the late compression stroke.
Localized temperature increases in the spark ignition region
occur as the piston approaches TDC, between -18 CA and -
14 CA, indicating the start of pre-ignition heating. Early
phases of combustion are indicated by the contours showing
the initial shift from blue to green and yellow zones as the
flame kernel starts to form between -12 CA and -10 CA. The
flame spreads quickly across the combustion chamber at the
next crank angles (-8 CA to -4 CA). Red and orange areas
appear close to the ignition source and progressively expand
outward, causing the temperature field to become extremely
non-uniform. This phase represents the rapid heat release
phase, when the temperature and pressure inside the cylinder
are increased. When most of the charge is actively burning,
the contours show the maximum flame development

throughout the chamber at -3 CA to -1 CA. The highest
temperatures, exceeding 2600 K in the core combustion
region, occur at TDC (0 CA). The gas temperature starts to
redistribute more evenly as the piston goes down after TDC
(8 CA to 12 CA), but the central zones remain at high
temperature. Figure 17 shows the temperature evolution in
PCC and the main cylinder from -20 CA to +20 CA. The
mixture present inside the PCC is ignited through the source
at -20 CA. The flame travels through the pre-combustion
chamber orifice into the main cylinder at 0 CA, where the
remaining mixtures present inside the main cylinder are
ignited using the rapid flame from the pre-combustion
chamber. Flame velocity increases while it exits the orifice,
which leads to the penetration of flame and also creates
multiple ignition points inside the main cylinder.
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Fig. 18 Predicted vs. CFD chart for response pressure, temperature and HRR

12



Karthikeyan M et al. / IIME, 13(7), 1-15, 2026

The results of CFD simulations for temperature, pressure,
and Heat Release Rate (HRR) are compared with outcomes
predicted by the RSM model in Figure 18. There are only
very small variations between the RSM-predicted pressure
and temperature values and the CFD data, demonstrating the
statistical model's durability in capturing combustion trends.

When the CFD value is less than the RSM estimate, the HRR
demonstrates a somewhat wider gap between simulation and
prediction. The variation can result from the fact that RSM
predictions are based on fitting mathematical relationships,
whereas CFD captures detailed in-cylinder flow and
combustion dynamics.
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Fig. 19 Predicted vs. CFD chart for response CO, CO,, and NOx

Figure 19 compares predictions and actual values for
CO, CO2, and NOyx made by two different methods: the
Response Surface Methodology (RSM) and Computational
Fluid Dynamics (CFD). The outcomes for CO and CO: were
very similar. The statistical model appears to be quite
effective for these two outputs, as the RSM model predicted
values that were nearly identical to what the CFD analysis
obtained. However, for NOy, conditions were different. The
value obtained using CFD was twice that of the RSM model.
This significant difference suggests that although model
prediction is good for responses CO and CO., even though
prediction was not good for the response NOx.

4. Conclusion
The validation between the RSM predictions and CFD
results shows that most of the parameters were predicted

13

accurately. The differences for pressure, 1.93%, and
temperature, 0.25%, indicate that the in-cylinder behavior is
predicted properly. The values for CO and CO: are 3% and
0.03%, respectively, indicating that the quadratic model is
good in order to predict general emission levels. The higher
variation is achieved for responses such as heat release rate
(13%) and especially for NOx (53%). This happened because
RSM is not able to predict the localized effects. Through
CFD simulations coupled with Response Surface
Methodology (RSM), the influence of factors such as orifice
angle, injection pressure, and L/D ratio and their interaction
effect on responses was observed. RSM predictions for
performance parameters such as pressure, temperature, and
heat release rate are monitored. While validating the RSM
predicted values with CFD achieved values, responses
pressure and temperature were attained accurately as per the
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predictions from RSM, while the heat release rate shows a
slight drop when compared with CFD responses, and this
happens because of the factors' influence on the response
parameters. Similarly, for emission parameters, CO and CO-
predictions were accurate when compared to the response

model when compared to CFD. The simulation predicts high
temperature local zones more accurately what RSM lacks.
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