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A B S T R A C T

The combustion process in internal combustion engines is the primary aspect of engine performance and
emissions. Combustion chamber geometries such as grooved combustion chamber (GCC), shallow depth com-
bustion chamber (SCC), and bathtub combustion chamber (BTCC) are used to investigate the effect of com-
bustion rates on the emission parameters with respect to the standard flat combustion chamber (FCC). The
impact of chamber modifications was simulated with an IC engine model using advanced chemical kinetics.
Combustion parameters such as in-cylinder temperature, turbulence, and heat release rates were observed. The
validated computational model assisted in analyzing combustion formations and their correlation with emissions
like mass fractions, CO, CO2, and NOx. The results revealed that the modified chambers avoided the formation of
fuel pockets and improved combustion behaviour compared to FCC. At 440 oCA, peak NOx emissions were higher
by 14.95%, 27.10%, and 15.89% for GCC, SCC, and BTCC chambers, respectively, compared to the FCC chamber.
At 440 oCA, CO2 emissions increased by 2.22%, 2.78%, and 2.78% for GCC, SCC, and BTCC chambers,
respectively, compared to the FCC. The GCC chamber’s geometry influences the air–fuel mixture distribution,
leading to stratified combustion zones and utilizing both bowl and squish regions. The study concludes that GCC
chambers can significantly enhance efficiency and reduce emissions by influencing temperature profiles and
mass fraction distributions. The study recommends using the GCC chamber with optimized injection profiles for
better combustion and improved swirl rates.

1. Introduction

Internal combustion (IC) engines majorly contribute to greenhouse
gas emissions. For instance, in 2022, global carbon dioxide (CO2)
emissions from the transport sector increased by over 250 million
tonnes, reaching almost eight gigatons of CO2, which is a 3 % rise
compared to 2021 [1]. Several advanced technologies are implemented
to reduce emissions from these engines. Techniques such as fuel modi-
fications, combustion process modifications, and exhaust gas after-
treatment systems have significantly reduced emissions from IC en-
gines [2]. Among these, combustion process modifications have proved
to be an excellent active technique directly correlating with the com-
bustion rate [3]. From an economic point of view, changes to the com-
bustion chamber geometries offer minimal engine modification and
perform better combustion with reduced emissions [4]. Moreover,

chamber modifications offer better air–fuel mixing and complete com-
bustion with alternative fuels such as biodiesel [5], alcohols [6], natural
gas [7] and hydrogen fuels [8,9].

Chamber modifications have improved control over combustion
formation and distribution [10]. Modifying the combustion chamber
volume can tune the fuel distribution and enhance the combustion
occurrence rates inside the chamber [11]. Piston bowl modifications
guide the air–fuel into the bowl chamber and perform combustion in a
small radius region (piston-bowl) compared to the large cylinder bore.
Chamber modifications have shown reduced specific fuel consumption,
increased engine performance, and reduced carbon monoxide (CO),
hydrocarbon (HC), soot, and smoke emissions [12]. Despite this,
chamber modifications still face the problems of high turbulence for-
mation and higher nitrogen oxide (NOx) emissions. For instance, Gulcan
and Ciniviz [13] observed a decrease in smoke, HC, and CO emissions by
an average of 18 %, 10 %, and 3 % and an increase in nitric oxide (NO)
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emissions by 2.5 % for a Toroidal re-entrant combustion chamber
(TRCC) geometry when compared to the standard chamber. Several
experimental studies are conducted on different piston bowl geometries:
hemispherical combustion chamber (HCC) [14–17], shallow depth
combustion chamber (SCC) [16], TRCC [18–22], wave-stepped geome-
try [23], Trapezoidal combustion chamber [24] and many more. For
instance, Mamilla et al. [25] observed an increase in BTE by 10.2 % and
a decrease in CO, HC, and smoke emissions by 13.3 %, 11.7 %, and 10.1
%, respectively, for the TRCC chamber compared to HCC. In addition,
Kumar [26] observed a decrease in BSFC by 8.79 %, an increase in BTE
by 2.92 %, and a reduction in HC and CO by 3.19 % and 12.5 %,
respectively for the toroidal combustion chamber compared to the
baseline chamber. These experimental results revealed that chamber
modifications have improved the engine performance and reduced
emissions such as CO and HC. However, the nature of combustion inside
the chamber is still unpredictable [27]. Though optical studies provide a
better understanding of fuel injection and distribution, the analysis of
the combustion rate is still challenging to understand. It is hard to
investigate and control the rapid combustion rates inside the chamber,
but thanks to the computational tools that are helping to observe the
combustion behaviour [28].

Significant progress in computational fluid dynamics (CFD) propels

research on internal aspects of combustion, complementing
experimental-driven studies on combustion rates and emission forma-
tion. For instance, Dasrath et al. [29] observed in-cylinder temperature
profiles of crevice and bowl chambers using CFD and revealed that bowl
chambers had better thermal homogeneity than FCC. In addition, Millo
et al. [10] observed jet-to-jet interactions and air–fuel mixture formation
in the bowl chambers, which revealed faster flame recirculation near the
bowl center region. Furthermore, Nguyen and Dunin [30] reported
variations in the spray tip velocities and penetration with the variation
of the diameter of bowl chambers. However, there is limited research on
the formation of emissions with respect to the combustion profiles. For
instance, Sapra et al. [31] investigated the effect of the bowl parameters
such as bowl height and radius, lip height and lip radius on combustion
behavior using CFD simulations. The study concluded with an optimized
combustion chamber based on combustion patterns but left a significant
gap in understanding the relationship between chamber design and
emission formation rates. Similarly, V and J.M [32], Gianetti et al. [7],
Taibani et al. [33], Millo et al. [10] and Xu et al. [34] have explored
combustion chamber geometries using the CFD approaches. These
studies provided valuable insights into flame distribution, combustion
behaviour, and patterns across different geometries. However, they
lacked critical information on the impact of bowl geometries on emis-
sion formation rates. As discussed above, experimental studies reveal
substantial differences in performance among various bowl chamber
designs. While some chambers performed well, others did not, sug-
gesting that chamber geometry influences combustion patterns, making
them more or less prone to higher emission rates. Although numerical
studies have demonstrated significant variations in combustion patterns,
there remains a considerable gap in exploring piston bowl designs spe-
cifically in terms of their effect on emission formation behavior.

To address the identified gap in understanding the influence of
combustion chamber geometries on emission formation, this study aims
to develop a turbulent combustion model with chamber modifications to
analyze a diesel engine’s in-cylinder combustion and emission param-
eters. A validated diesel engine setup is proposed to perform the com-
plex computational calculations required for non-premixed combustion.
The surrogate diesel chemistry (n-heptane) is applied to the modified
combustion chambers under validated boundary conditions. Finally, the
in-cylinder combustion and emission results from the chamber models
are analyzed and discussed, with insights supported by existing litera-
ture. The combustion stroke of the in-cylinder parameters has been
presented in this study to explore or recommend the chamber with
better combustion rates and less emissions. In addition, the air–fuel
mixing conditions, fuel distribution, and atomization rates of the

Nomenclature

Symbol Meaning
ρ Density
ν→ Velocity
r→ Radial distance
Cd Discharge Coefficient
D Diffusion coefficient
Gk Generation of turbulence kinetic energy
Gb Turbulence kinetic energy due to buoyancy
Ym Compressible turbulence to the overall dissipation rate
σε Turbulent Prandtl numbers for k
σk Turbulent Prandtl numbers for ε
Sk and Sε User defined source terms.
μt Eddy Viscosity
Y Mass fractions of HCN
YNO Mass fractions of NO
YNH3 Mass fractions of NH3

Fig. 1. Kubota V3300 Engine test rig schematic diagram.
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injected fuel will be helpful in evaluating which chamber is better suited
for practical applications.

2. Combustion modelling and simulation

2.1. Experimental test setup

Fig. 1 presents the engine test setup, which is controlled by a data
acquisition system. The tests were conducted using a 4-cylinder, four-
stroke Kubota V3300 commercial engine, with its technical specifica-
tions detailed in Table 1. An eddy current dynamometer was connected
to the engine to vary the test conditions. The dynamometer is connected
to the engine’s output shaft, assisting in controlling the rotational speed
through resistance. The load conditions varied according to the full
throttle position. Before each test, the engine was pre-warmed by
running it on diesel fuel for 20 min or until the oil temperature reached
80 ◦C to stabilize engine conditions and emissions. During the tests,
engine torque, speed, and mass flow rates were measured. Performance
parameters such as brake power (BP), brake thermal efficiency (BTE),
brake specific fuel consumption (BSFC), and brake mean effective
Pressure (BMEP) were measured and calculated using standard equa-
tions. A fuel flow meter to measure the flow rate of the fuel passing from
the tank. A standalone piezoelectric pressure transducer (H32218-GPA,
Optrand, MI, USA) was installed on the cylinder head to measure the
internal chamber pressure. The pressure data was recorded as an
average over one hundred consecutive cycles (from 0 ◦CA to 720 ◦CA)
and was provided relative to the crank angle degree. Emissions were
analyzed using a CODA exhaust gas analyzer (Andros 6241A, California,
USA), which employs nondispersive infrared technology to accurately
and instantaneously measure emissions such as CO, CO2, HC, and NOx.
The parameters were kept constant throughout to ensure comparability
across tests. The test was repeated three times to reduce the possibility of
random errors, with the mean value reported. More details on data

acquisition systems and the accuracy of measurement systems can be
found in the authors’ earlier studies, Doppalapudi et al. [5] and Dop-
palapudi et al. [35].

2.2. Engine combustion chamber modelling

An IC engine setup was developed using the Ansys fluent software
tool with two inlet valves and one exhaust valve that resembles the
Kubota V3300 engine attributes, as shown in Fig. 2(a). The test engine
has a bore of 98 mm and a stroke of 110 mm. The ports and valves were
prepared according to the Kubota manual, and the 3D model was
developed using the Ansys space claim tool. A clearance of 0.02 mm was
given between the valves and ports for the free flow momentum of fluids
inside the chamber [36].

Fig. 2 represents the modelling stages of generating a sector chamber
to conduct the combustion simulation. Though the Kubota V3300 en-
gine is a precombustion chamber with two inlets and one exhaust, the
study has prepared the chamber as a direct ignition combustion chamber
by maintaining the chamber volume with a compression ratio of 22.6:1.
Fig. 2(b) shows that a fluid body was extracted from the developed
chamber, where all the numerical calculations were carried out. Later,
the chamber was decomposed to a sector of 60◦, as shown in Fig. 2(c). In
the next stage, the layer mesh conditions are applied to the sector
chamber, and an adaptively refined mesh is generated, as shown in
Fig. 2(d).

2.3. Governing equations for simulation and boundary conditions

In IC engine combustion, the combustion parameters are fluid-based
entities, and the fluid flows are multi-phase, reactive, and rapid. Hence,
Navier-Stokes (RANS) equations have been applied in this study to
capture the average flow field from the turbulent motions (flow re-
actions) under specified boundary conditions. For carrying the simula-
tion, a continuity equation is used to perform the mass conservation
inside the combustion chamber with the assumption of no mass gain or
loss. In addition, fluid flow influenced by pressure, viscosity, and tur-
bulent forces were calculated using the momentum equations. Where in
the IC engine simulation, it is assumed to have consistent thermody-
namic properties and often neglects minor losses. Finally, energy
changes due to heat release, conduction, and turbulence will be calcu-
lated using an energy equation. However, these assumptions may not
fully capture the complexities of in-cylinder flows, where phenomena
like vortex behaviour and rapid flow occurrences. The governing
equations, such as conservation of mass, conservation of momentum,
and energy, can be found in the studies Azad et al. [38] and Azad et al.
[39].

The swirl ratio inputs are calculated through Equation (1) [40].

Table 1
Engine Specifications.

Make Unit Kubota V3300

Cylinder and cycle − Vertical, 4 cycle
Type − Liquid-cooled diesel
Displacement volume cm3 3318
Fuel − Diesel
Bore × Stroke cm 9.8 × 11
Compression ratio − 22.6:1
Speed rpm 1500
Injection pressure MPa 13.73 Mpa
Injection timing − 16

◦

before TDC
IVO ◦CA 243
EVO ◦CA 480

Fig. 2. Sector chamber decomposition [37]; (a) Engine chamber model; (b) Fluid volume with valves; (c) Sector decomposed combustion chamber; (d) Mesh-
generated combustion chamber.

A.T. Doppalapudi et al. Applied Thermal Engineering 261 (2025) 125073 

3 



υ→= r→× w→ (1)

where ν→ = velocity, r→ = radial distance
Turbulence models.
Yakhot and Orszag [41] proposed the Re-Normalized Group (RNG)

theory aligned with the standard k − ε model. Here, the k equation is
similar to the standard version; however, the ε equation is from math-
ematical derivation rather than the empirically derived constants. The k-
ε equation is presented as the k equation (equation (2)) and ε equation
(equation (3)) [42 38].

∂
∂t
(ρk)+

∂
∂xi

(ρ1kui) =
∂

∂xj

[(

μ +
μt

σk

)
∂

∂xj

]

+Gk +Gb − ρε − YM + sk (2)

ρ is density, μ dynamic viscosity,
and

∂
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[ρε] +

∂
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∂
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σε

)
∂ε
∂xj

]
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k
(Gk +C3εGb) − C2ερ

ε2

k
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(3)

Spray models.
At the nozzle inlet passage, liquid fuel volumetric mean flow velocity

is calculated using equation (4) [42].

UMean =
ṁ

ρ1A
=

4ṁ
ρ1ΠD2 (4)

where ṁ represents the mass flow rate of the fuel, ρ represents density, A
and D refer to the nozzle cross-sectional area and diameter.

The discharge coefficient (Cd) is used to quantify the losses due to
acceleration, formation of the velocity profile at the inlet, expansion
after the vena contracta, and wall friction. The Cd equation is shown in
equation (5) [42].

Cd =
Umean

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2[p1 − p2]/ρ1

√ (5)

These governing equations can depict the fluid flow characteristics
by directly addressing the computational grid established within the
fluid domain of the physical representation. As mentioned earlier, the
highly turbulent flow phenomena occurring within the engine cylinder
can be effectively simulated utilizing various turbulence models. For
instance, the shear-stress transport (k-ω) turbulence model introduced
by Wilcox in 1978, has shown remarkable performance and is particu-
larly adept at providing precise outcomes in regions close to walls or
boundary layers. This model outperforms the k-ε model notably in sce-
narios involving low Reynolds number flows subjected to adverse
pressure gradients [41,43]. However, the k-ω model simulated near the
wall flows more appropriately [38]. Hence, the study has chosen k-ε to
study cylinder turbulent motions, not just near-to-the-wall motions.

NOx transport models.
Convection, diffusion, generation, and consumption of NO and

related species are all considered in the transport equation for the NO
species. As a result of being based on the fundamental idea of mass
conservation, this strategy is entirely universal. The convection terms in
the governing equations given in the Eulerian reference frame include
the effect of residence time in NOx processes (Lagrangian reference
frame notion). The NO species transport equation is sufficient for ther-
mal and prompt NOx mechanisms [42], and the equations are as follows.

∂
∂t
[ρYNO] +∇⋅[ρ v→YNO] = ∇⋅[ρD∇YNO] + SNO (6)

∂
∂t
[ρYHCN] +∇⋅[ρ v→YHCN] = ∇⋅[ρD∇YHCN] + SHCN (7)

where YNO and YHCN represents the mass fractions of NO and HCN in the
gas phase, and D represents the diffusion coefficient. The source terms

SNO and SHCN were later calculated using different NOx mechanisms.
Table 2 summarizes the computational models and methods used in this
study for IC engine simulations, focusing on combustion, turbulence,
spray breakup, heat transfer, fuel spray, and NOx emissions modeling.

The cylinder walls and the chamber conditions were kept stationary
and maintained at a temperature of 440 K and 560 K. The simulation run
is monitored during the combustion stroke, which means the intake
valve closing (IVC) to the exhaust valve opening period. The air intake
composition and the diesel surrogate CHEMKIN data were added to the
setup. Dynamic mesh settings were adjusted using layering and
smoothing with 6 degrees of freedom for the chamber walls and piston
head surfaces. A mesh sensitivity study must be performed using CFD
analysis to determine the numerical accuracy of the calculated results.
The discretization error is the error that may be quantified through mesh
refinement [44]. The boundary conditions and convergence criteria for

Table 2
Summary of model definitions.

Description Models used

Solver Non-premixed combustion
Turbulence k-ε model
Spray breakup model Kelvin-Helmholtz / Rayleigh-Taylor (KH-

RT)
Heat transfer law-of-the-wall
Diesel pilot fuel injection (spray

model)
Discrete phase mode (DPM)

NOx emission Zeldovich

Table 3
Boundary conditions and convergence criterion.

Boundary conditions values Residuals Absolute
criteria

Combustion simulation IVC- EVO Continuity 0.001
Sector angle 60◦ x-velocity 0.001
Cylinder wall motions Stationary y-velocity 0.001
Temperature at chamber

top and bottom
440 K z-velocity 0.001

Piston wall temperature 560 K Energy 1e-06
Wall shear condition No slip k 0.001
Injection streams 50 epsilon 0.001
Injection type Cone Pollutant NO 1e-6
Injection particle type Droplet Pollutant_NO2 1e-6
Spray angle 70◦ ​ ​
Dynamic mesh Smoothing and

layering
​ ​

Fig. 3. Grid validation of the test setup using HRR.
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the model setup are presented in Table 3.

2.4. Grid sensitivity test and model validation approach

Fig. 3 demonstrates the marginal influence of mesh types on the
outcomes of the combustion simulation. Before validating the setup, a
mesh independence test was conducted to assess the impact of mesh
parameters on the simulation results. The test was conducted for the FCC
chamber to examine the mesh dependency effect on the simulation.

First, fine mesh is developed with a sharper resolution using five infla-
tion layers and a reference mesh size of 0.611 mm. The fine mesh has
created 20,27,432 nodes and 19,74,779 elements. Similarly, three
inflation layers and a reference mesh size of 0.917 mm were used to
construct the coarser mesh. In which the coarse mesh created 6,02,070
nodes and 5,70,584 elements. Fig. 3 shows the apparent heat release
rates (HRR) of fine and coarse mesh outcomes of HRR for the FCC
chamber. The graph indicates that the mesh type has a minimal impact
on the engine model simulation. After validating the mesh, modifica-
tions were made solely to the injection patterns to further validate the
simulation’s HRR against experimental data.

Before simulating the model and preparing the modifications to the
chamber geometry, it is imperative to validate the correctness and ac-
curacy of the setup. The compression ratio and other key geometrical
parameters were set to the manufacturer’s specifications to ensure that
the model design and setup match the experimental engine. The engine
model with two inlet ports and one exhaust port has been developed as
per the engine specifications. The dimensions of the valves, the design
and angles of the ports, and the locations of the valves have all been
designed based on the manual’s guidelines. Firstly, the compression
ratio of 22.6:1 has been validated by comparing the model’s output with
experimental data to ensure accuracy. In addition, the computational
engine model is benchmarked with experimental data considering HRR
and in-cylinder pressure for both cases, and the comparisons are plotted
in Fig. 4. The simulation results of both apparent HRR and Pressure
computed by fluent code are in satisfactory agreement with the exper-
imental data. The error percentage between the total HRR values of both
the simulated and experimental results was approximately 3.8 %, which
is below the acceptable tolerance limit of 5 %. The test results show that
the experimental and simulated results are validated satisfactorily dur-
ing the combustion stage. While there were minor disparities in the peak

Fig. 4. Experimental and simulation HRR and pressure results validation at
1500 rpm.

Fig. 5. Combustion chamber geometries; (a) FCC; (b) GCC; (c) BTCC; (d) SCC.
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areas of HRR and pressure stages, the combustion pattern behaviors
remained consistent throughout the combustion stroke. Also, during the
expansion stage, discrepancies in HRR variation were observed between
the simulation and experimental data. This difference can be attributed
to the simulation’s steady decline in HRR, whereas the experimental
results exhibited variable decreases in HRR due to complexities in real-
world conditions frictional, and combustion factors [45].

2.5. Chamber geometry modifications

As mentioned earlier, the clearance volume of the flat chamber was
adjusted while keeping the test engine’s compression ratio and
displacement volume unchanged. Fig. 5 presents the design of bowl
shapes, grooved combustion chamber (GCC) inspired by the re-entrant
combustion chamber [15], bathtub combustion chamber (BTCC)
inspired from Benajes et al. [46] and shallow depth combustion chamber
(SCC) inspired from Ranganatha Swamy et al. [47]. To maintain uni-
formity, the above-mentioned simulation setup was applied for these
modified chambers while keeping the same operational settings, injec-
tion parameters, material inputs and boundary conditions.

3. Results and Discussions

3.1. Experimental test results analysis

The engine test results were considered at 1500 rpm to investigate
the formation of emissions at medium load conditions. The inefficiency
or hotspots of the combustion formation can be easily understood at
medium speed ranges than low and high speeds. Simulating at lower
speeds can limit the influence of turbulence, especially with chamber
modifications. On the other hand, at high speeds, friction losses and heat
transfer rates are the dominating factors in experimental operation.

From the authors’ earlier studies, Doppalapudi et al. [5], the BTE and
NOx emissions were increased from 1200 rpm to 1800 rpm and then
started decreasing from 1800 rpm to 2400 rpm. Hence, simulating at
1500 rpm allows to analyze combustion rates and emissions in a critical
range where emissions are rising stage, making it an essential point for
capturing relevant combustion and emission characteristics. For
instance, Guo and Liko [48] observed stable combustion at medium to
high load conditions as long as the injection was appropriately adjusted.

Meanwhile, the combustion duration, flame propagation speed, and
combustion temperature were much higher in high-load conditions
[48]. The fuel mixing rate, incomplete combustion, emission formation,
and injection fine-tuning can be easily investigated when the engine is
operated at mid-range speed conditions. The study has opted for 1500
rpm to investigate the combustion efficiency and impact of CO, CO2, HC,
and NOx formations. At 1500 rpm, with the performance parameters,
where the engine has shown brake power (BP) of 35 kW, a brake specific
fuel consumption (BSFC) of 0.254 kg/kWh, a brake mean effective
pressure (BMEP) of 8.61 bar, a brake thermal efficiency (BTE) of 33.16
%, and a fuel conversion efficiency (FCE) of 33.2 %. The emission pa-
rameters were recorded as carbon monoxide (CO) emission of 1148
ppm, carbon dioxide (CO2) formed at 11.07 % by volume, hydrocarbons
(HC) emission of 28 ppm, oxygen (O2) with 39.01 % by volume of the
total exhaust gases, and nitrogen oxides (NOx) emission of 234 ppm.

Fig. 6(a), (b), (c) and (d) show the experimental results of combus-
tion parameters of in-cylinder Pressure, HRR, MFB, and cumulative HRR
(CHRR) at 1500 rpm. The combustion parameters were presented from
the inlet valve closing time of 243 ◦CA to the exhaust valve opening time
of 480 ◦CA. In the initial phase of combustion, negative heat release is
observed because the fuel undergoes vaporization during the ignition
delay period. Once combustion has started, the rate of heat release is
increased [49]. At 1500 rpm, peak HRR 197 J/◦CA was noticed at
375◦CA, whereas peak pressure 65.63 bar was noticed at 370◦CA.
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Fig. 6. Combustion parameters at 1500 rpm;(a) crank angle vs HRR and MFB; (b) crank angle vs pressure and MFB; (c) crank angle vs CHRR and HRR.
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However, with the increase in speeds, the HRR value also increases.
From the authors’ earlier studies, the peak HRR for the diesel is noted as
199.97 J/◦CA and 249.576 J/◦CA, respectively, for the speeds of 1600
rpm and 2000 rpm [50]. Similarly, peak pressure was also noted as
67.23 bar and 69.23 bar, respectively, at 1600 rpm and 2000 rpm.
However, a decline in peak HRR and peak pressures was noticed due to
shorter combustion duration, limiting the time for the complete com-
bustion [5]. As can be seen from the comparisons Fig. 6(a) and (b), the
majority of the mass fraction bunt happened before the peak pressure
was obtained. The smooth slope of the MFB curve, together with the
HRR peak, aligns with a combustion duration of 4.86 ms. This indicates
that the combustion is completed efficiently over an appropriate time
window, maximizing energy release without extending too far into the
expansion stroke. From this investigation, the study wants to examine
the combustion parameters to assess how effectively the simulation

investigations can predict the rate of fuel burning, apparent HRR, and
pressure, which are crucial for exhaust emissions.

3.2. Effect of chamber modifications on combustion parameters

3.2.1. Effect of chamber modifications on in-cylinder temperature
Fig. 7 shows the temperature contours for the FCC, GCC, SCC, and

BTCC chambers at 360 ◦CA, 400 ◦CA, 440 ◦CA and 480 ◦CA. FCC showed
poorer combustion formation but still depicted higher temperatures of
1370 K and 1290 K at 440 ◦CA and 480 ◦CA, respectively. Because of the
flat surface of FCC, the plumes were passed towards the cylinder walls
and caused improper fuel distribution (which can lead to improper
combustion) near the wall region [51]. As can be seen, the localized
high-temperature region was clearly impacted by the inefficient air–fuel
mixing. Next to FCC, SCC has shown peak temperatures, followed by

Fig. 7. Temperature contours of a cut plane for different piston bowl chambers at respective crank angles.
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Fig. 8. TKE contours of a cut plane for different piston bowl chambers at respective crank angles.
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BTCC and GCC. There is no apparent uniform temperature distribution
for all the chambers; however, the GCC chamber showed better tem-
perature distribution than others (red contour zones from the cylinder
axis to the wall). Grooves of GCC enhanced some level of turbulence.
However, the temperature remains localized, indicating that flame
propagation is still limited, and thus the temperature distribution be-
comes even at the later crank angle. In addition, with the SCC, a swirling
behaviour can be seen on the temperature contours. The swirl motions
inside the chamber influence the uniform distribution of the tempera-
tures and improve the combustion efficiency. Finally, BTCC has also
shown better distribution inside the chamber. Compared to other
chambers, the distribution is well confined with the increasing crank
angles. However, the cooler spots suggest that the flame is still not
distributed well, resulting in improper distribution.

From the results, it is understood that maintaining temperature
uniformity is very difficult during the combustion stroke. For instance,
FCC has shown peak departure of 1650 K at 400 ◦CA, compared to other
chambers, 1620 K and 1640 K for GCC and SCC chambers. However, the
paramount consideration to note is that the high-temperature regions
are less extensive in FCC than others. This poor distribution of fluids in
the FCC chamber will lead to higher unburnt hydrocarbon emissions.
Though combustion-wise, GCC, SCC, and BTCC showed better distri-
bution, there is a greater chance of higher NOx emissions for these
chambers than for FCC. Similar behavior also can be observed for the
crank angles 440 ◦CA and 480 ◦CA. This is due to the improved fuel
evaporation rates with the flat-with-center-bowl piston [52]. The tem-
perature distribution for all the chambers appears to depend on the
injected fuel flumes [53,54]. The high-temperature region occurrences
were observed along the injected fuel path. The bowl chambers have

provided better fuel distribution, hence the better temperature distri-
bution compared to the standard FCC chamber. In the case of actual
experimental combustion activities such as heat transfer through the
cylinder walls, flame-wall interactions, and turbulence, which may not
be fully captured in the simulation. In addition, as discussed earlier, the
k − ε turbulence model can not fully capture the local temperatures,
especially near walls. Overall, the combustion phenomenon and how
geometry influences combustion and chamber optimization can be
clearly understood with the simulations.

3.2.2. Effect of chamber modifications on the turbulent kinetic energy
Fig. 8 illustrates the developments of TKE distribution during the in-

cylinder combustion process for different combustion chambers at crank
angles 360 ◦CA, 400 ◦CA, 440 ◦CA and 480 ◦CA, respectively. TKE plays
a major role in the air–fuel mixing process [55]. Fig. 7 depicts that
higher TKE zones are generated for the modified chambers than for the
standard chamber. Regardless of the peak TKE, the modified chamber
showed better TKE across the chambers compared to FCC. The inter-
action between squish and swirl flows in the central region significantly
contributes to TKE generation [56]. The relatively high TKE values in
the central region and near the injection point bowl geometries promote
early flame propagation, leading to rapid charge combustion and faster
heat release [57]. Because of the grooved chamber for GCC, the fuel
flumes are dispersed at the center of the bowl and squish regions. The
collision of the higher-momentum mixture with the cylinder head aids
its penetration into the central and squish zones [58]. Meanwhile, for
FCC, SCC, and BTCC, a higher TKE was observed in the squish area. This
is mainly due to the slipping of the high turbulent motions to squish
regions by following the trajectory profiles of the combustion formation

Fig. 9. Heat release rate plots for different chambers with respect to the crank angles.
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with respect to the injected fuel combustion formation. At 440 ◦CA and
480 ◦CA, FCC revealed TKE of 9.21 m2/s2 and 6.18 m2/s2. Whereas for
GCC (6.69 m2/s2 and 3.84 m2/s2), SCC (6.69 m2/s2 and 4 m2/s2) and
BTCC (7.29 m2/s2 and 4.09 m2/s2) were recorded at the same crank
angles. The progressive increase in TKE from 360 ◦CA to 480 ◦CA in all
cases demonstrates the combustion process, where pressure and tem-
perature build-up, leading to more intense and turbulent conditions
[59]. Due to the bowl profile of GCC and SCC, high and distributed TKE
zones are recorded in these zones. Because of the chamfered bowl, the
TKE zones are shifted towards the squish regions, thereby generating the
peak TKE compared to GCC and SCC. GCC has utilized both bowl and
squish regions for the turbulent mixing of the particles, allowing ho-
mogeneous combustion and higher heat release [60].

3.2.3. Effect of chamber modifications on the HRR and mass fraction burnt
Fig. 9 demonstrates the HRR at different crank angles for different

combustion chambers. It can be seen from the HRR graph that the FCC
curve moves towards the expansion stroke, whereas the modified
chambers have shown early combustion. Peak HRR is noticed for FCC at
380 ◦CA, whereas the peak HRR for GCC, SCC and BTCC were noticed

early. The slow and improper distribution of combustion rates has
caused delayed ignition in the FCC chamber and created lower local
temperature zones. This is the main reason the HRR moved towards
expansion stroke for the FCC chamber. The modified chambers have
shown shorter ignition delay because of the high TKE, which causes
rapid air–fuel mixing. Usually, rapid combustion (shorter ID) takes place
with premixed conditions with the given fuel. However, chamber
modifications contribute to faster evaporation of diesel fuel droplets and
cause shorter ID. Due to the shorter bowl height of the GCC chamber, the
fuel pockets are formed on the cylinder head and bowl places, which
have caused lower heat release rates than the others. GCC has the lower
premixed combustion, allowing the peak HRR to reach at 373◦CA.
However, from the temperature and TKE profiles, GCC has a slightly
improved diffusion combustion compared to other modified chambers.
In the case of SCC and BTCC, two peak HRR rates were observed. For
instance, SCC showed a higher peak HRR of 39.22 J/ oCA at 369 oCA,
whereas the second peak was observed at 375 oCA with an HRR value at
38.90 J/ oCA. Premixed combustion has occurred for the SCC and BTCC
chambers, allowing for the small ID.

3.2.4. Effect of chamber modifications on the swirl and tumble ratio
Fig. 10 represents the swirl and tumble motions generated inside the

chambers at different crank angles. Swirl and tumble motions play a
vital role in creating turbulent motions inside the chamber, influencing
the air–fuel mixing process. As shown in Fig. 10(a), high swirl motions
are generated during the compression stroke, whereas these motions
gradually decrease during the injection period and increase again in the
combustion period. During the combustion period, higher swirl rates are
observed for the modified chambers than for FCC. Besides, the GCC and
SCC showed higher swirl rates compared to the other chambers. Fig. 10
(b) shows the tumble ratio for the different chambers at different crank
angles. FCC has shown a higher tumble ratio compared to all the other
chambers. Similar results are also observed in the report by Har-
shavardhan and Mallikarjuna [61]. This is due to the higher TKE of the
particle motions inside the cylinder chamber, causing higher tumble
motions during combustion stroke [62]. It is predicted from Fig. 8 that
the rate followed by the swirl and tumble motions are inversely pro-
portional. A negative gradient is observed during the compression
stroke, where the tumble ratio gradually increases during the injection
period and then decreases along the combustion stroke.

3.3. Effect of chamber modifications on emission parameters

3.3.1. Effect of chamber modifications on the fuel mass fraction

The mass fractions (
kgfuel
kgmix

) of surrogate diesel fuel during the com-
bustion stroke are presented in Fig. 11. According to the results, rela-
tively lower mass fractions were achieved for the modified chamber
than the standard FCC chamber. With the modified chambers, the
improved air–fuel mixing rates have enhanced the combustion process
and reduced the mass fractions inside the chamber [63]. Whereas higher
mass fractions with the FCC are due to the wall-wetting nature of the
injected fuel [64]. The high injection fuel pockets are situated on the
wall, causing improper distribution and affecting the combustion rates
[65]. The results clearly illustrate that complete combustion has not
happened for all the chambers, but the modified chambers showed fewer
mass fractions than the standard chamber. In the case of the FCC and
GCC chamber, the fuels get stuck on the top of the chamber head because
of the no /lower bowl depth. This spray impingement is due to the
obstruction of fuel spray momentum for FCC and GCC chambers, leading
to earlier contact with the cylinder head compared to the shallower type
chamber [66]. As a result, combustion partially quenches, resulting in a
lower peak heat release rate during the premix phase. The groove profile
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Fig. 10. Effect of chamber modifications on in-cylinder motions with respect to
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Fig. 11. Mass fraction contours of a cut plane for different piston bowl chambers at respective crank angles.
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Fig. 12. CO emissions contours of a cut plane for different piston bowl chambers at respective crank angles.
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of GCC directs a larger portion of the mixture to the squish regions,
reducing the localized mixture near the bowl areas and enhancing
effective premixed combustion [58]. Due to the longer bowl depth of the
SCC chamber, the fuel combustion was situated at the centre of the
chamber. However, a small amount of fuel was stuck inside the bowl
chamber, which led to incomplete combustion. BTCC has shown better
combustion, as the fuel slipped from the bowl to the squish regions and
has caused less unburnt mass fractions in the chamber. At 480 oCA,
BTCC (1.66 × 10-2 kgfuel

kgmix
) has shown small mass fractions compared to

SCC (1.77 × 10-2 kgfuel
kgmix

), GCC (2.02 × 10-2 kgfuel
kgmix

) and FCC (1.47 × 10-2 kgfuel
kgmix

)
chambers.

3.3.2. Effect of chamber modifications on CO emissions
The CO emission (

kgCO
kgmix

) for different combustion chambers at various
crank angles are presented in Fig. 12. There is a strong correlation be-
tween the patterns of fuel mass fraction (Fig. 11) and CO emissions
(Fig. 12). During the compression stroke (360 ◦CA), peak CO emissions
for the GCC, SCC, and BTCC are increased compared to FCC by 6.96 %,
6.01 % and 8.66 %, respectively. Moreover, the peak CO emissions at
400 ◦CA for FCC, GCC, SCC, and BTCC decreased by 54.11 %, 57.4 %,
56.72 %, and 57.56 %, respectively, compared to peak CO emissions at
360 ◦CA. Though the peak emissions are higher at 360 ◦CA, the higher
concentrations (expanded CO-rich zones) are noticed at 400 ◦CA and

Fig. 13. CO2 emissions contours of a cut plane for different piston bowl chambers at respective crank angles.
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440 ◦CA. Higher CO emissions are detected where high fuel mass frac-
tions are formed. The formation of CO pollutant emissions increases due
to insufficient oxygen in the in-cylinder over-rich regions. Additionally,
a significant amount of CO pollutants can also be produced in highly
lean mixtures and low-temperature regions (typically below 1500 K in-
cylinder temperature) [67]. Calam et al. [68] observed that as engine
load increases, the additional fuel injected into the cylinder lowers the
air/fuel ratio and raises CO emissions. Similar results are also noticed in
studies by Prabhu et al. [69] and Gulcan and Ciniviz [13]. Fewer CO
concentrations are observed for FCC chambers at 360 ◦CA and 400 ◦CA.
This is because mixings-combustion might not occur due to improper
air–fuel mixing. Incomplete combustion with insufficient oxygen causes
high CO emissions during combustion for rich fuel mixtures. DSCC
showed the highest CO emissions compared to all the other chambers,

followed by the BTCC, FCC, and SCC chambers.

3.3.3. Effect of chamber modifications on the CO2 emissions
The mass fractions of CO2 (

kgCO2
kgmix

) emitting from the different modified
chambers at different crank angles are presented in Fig. 13. The spatial
distribution contours of the CO2 clearly match the temperature profiles.
This is because of the oxidation of CO emissions to CO2 at high tem-
peratures. CO2 emissions are formed around the high-temperature
zones. In the experimental tests conducted by Channappagoudra et al.
[70], lower CO emissions are observed for the toroidal piston bowl shape
compared to the standard chamber. The study reported that improved
air motions inside the bowl chamber have helped the oxidation of CO to
CO2 emissions. Peak CO2 emissions at 360 ◦CA increased by 7.6 %,
14.75 %, 13.11 % and 14.13 %, respectively, compared to emissions at

Fig. 14. NO contours of a cut plane for different piston bowl chambers at respective crank angles.
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400 ◦CA. Rich CO2 zones are more common in GCC, BTCC, and SCC than
in FCC chambers. This is because of the high-temperature profiles
caused by the high turbulent motions inside the modified chambers.
Similar results are also found in studies by Pham et al. [71] and Al-
Abboodi [72]. For the GCC chamber CO2 emissions increase signifi-
cantly in the grooved regions and become more widespread across the
combustion stroke. Meanwhile, for SCC, due to the bow shape, the CO2
ratio increases, particularly in the central region, and becomes more
uniform and higher. The piston bowl geometries affect the combustion
dynamics and elevate the CO2 emissions across the combustion stroke.

3.3.4. Effect of chamber modifications on the NOx emissions
Fig. 14 shows the NO (

kgNO
kgmix

) emission contours for FCC, GCC, SCC and
BTCC chambers at different crank angles. NO emissions are higher for
modified chambers compared to the standard FCC chamber. From the
results, it is depicted that NO emissions (Fig. 14) are high in high-
temperature zones (Fig. 7), high fuel–air mixture zones (Fig. 10) and
high TKE zones (Fig. 7). Duan et al. [73] observed NO fraction of over
and above 97 % and NO2 at about 2 % of total NOx from a CI engine
simulation model. According to Zeldovich, thermal NO emissions are
formed when nitrogen and oxygen react at higher temperatures, as
shown in reactions (8) and (9).

N + O2 = NO + O (8)

N2 + O = NO + N (9)

Later, the reaction was modified by considering the free OH radicles
and the extended Zeldovich reaction is represented in the reaction (10).

N + OH = NO + H (10)

As NO emissions are highly dependent on temperature conditions,
the NO emission contours and temperature contours are quite similar.

SCC showed higher NO emissions compared to GCC and BTCC. At 400
◦CA, peak NO emissions for GCC, SCC, and BTCC increased by 8.7 %, 21
%, and 23.9 %, respectively, compared to the FCC chamber. NO emis-
sions are formed in high-temperature areas and excessive air regions.
GCC showed higher NOx emission ratios in the combustion cycle,
especially around the central region, due to enhanced mixing and air-
–fuel interactions facilitated by the grooved design. This design pro-
motes localized high-temperature regions conducive to NOx formation
[74]. SCC exhibits low initial NOx values, but as combustion progresses,
the central region shows increased activity, reflecting moderate com-
bustion and mixing efficiency, leading to higher NOx emissions. BTCC,
with its bowl design, shows significant NOx activity around the bowl
region, indicating strong turbulence and efficient combustion due to the
effective swirl and squish interactions promoted by the bowl shape.
These interactions result in localized high temperatures, which increase
NOx formation.

3.3.5. Effect of combustion parameters on NOx emissions
The variations in the combustion chamber mainly influence tem-

perature profiles and mass fraction distributions. This leads to the for-
mation and concentration of different emissions. For a clear
understanding of the combustion parameters and emissions character-
istics, the GCC chamber at 400 ◦CA and the SCC chamber at 440 ◦CA are
considered as references and presented in Figs. 15 and 16. Zones 1, 2, 3,
and 4 are designated based on the combustion and combustion forma-
tions. The combustion zones are defined by different temperatures and
reaction characteristics. High-temperature zones (e.g., Zone 1) typically
result in higher NO formation due to the thermal NO mechanism. The
temperature profiles directly influence the formation of NO, NO2, and
N2O [55]. Higher temperatures promote the formation of these oxides of
nitrogen. The formation of NO2 and N2O in the outer regions indicates
secondary reactions where NO reacts with O2 or other species to form
these compounds. The formation of NO2 from N2O suggests that

Fig. 15. Comparison of combustion parameters with the emission parameters for GCC chamber at 400 ◦CA.
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secondary oxidation reactions occur, particularly in the cooler outer
regions of the combustion chamber, where unburnt fuel and interme-
diate species can react further [75]. Regions with higher mass fractions
of unburnt hydrocarbons and intermediates (like CO) are linked with
incomplete combustion areas. The mass fractions of the diesel are due to
incomplete combustion, which can be caused by poorer oxidation [76].
The presence of CO and its correlation with mass fractions indicates
regions with rich fuel–air mixtures where combustion is incomplete,
leading to more CO formation [77,78]. Conversely, regions with
adequate oxygen supply and higher temperatures result in more com-
plete combustion, producing CO2 [79]. The oxidation of CO leads to
CO2; hence, as presented in Figs. 15 and 16, CO2 has been formed around
the surrounding areas of the CO emissions [80].

The combustion in the local regions varies with the bowl profiles. As
presented in Figs. 15 and 16, combustion in bowl chambers naturally
creates zones with varying air–fuel ratios. This stratification leads to
different combustion characteristics across the chamber, influencing
temperature and species distribution [81,82]. The fuel mass fraction and

temperature contours clearly reveal their nature in terms of emission
formation. The amount of oxygen in that particular area, the tempera-
ture peak and the temperature gradient found in the first kinetic stage of
the combustion process [83]. These aspects trigger higher NOx emis-
sions, and these actions can be clearly observed in Fig. 14. Also, it is
noticed that peak NO emissions are formed at the fuel mass fraction
area. It is due to the rapid burning of mass fractions at high temperatures
that led to elevated NO emissions [84]. In contrast, N2O emissions are
formed in the medium-temperature zones around the high-temperature
areas. Hence, higher N2O emissions are noticed in the outer curvature of
the temperature and NO zones [85]. Compared to NO and N2O emis-
sions, NO2 has shown lower concentrations and is distributed along with
the NO emissions region [86]. The fuel mass fraction and temperature
contours clearly reveal their nature in terms of emission formation. For
instance, Guo et al. [87] observed a decrease in NOx by 17 % with the
optimized bowl chambers. Optimizing the bowl geometry could reduce
the un-burnt mass fractions and reduce the NOx emissions.

Fig. 16. Comparison of combustion parameters with the emission parameters for the SCC chamber at 480 ◦CA.
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4. Conclusion and Recommendations

The study conducted engine tests to measure performance, emission
and in-cylinder combustion parameters at full load conditions. A nu-
merical model was developed for CFD simulation and validated with the
experimental data. The study investigated the combustion kinetics and
emission formation phenomena for four different combustion chamber
geometries. The result revealed that the modifications improved per-
formance and reduced emissions. However, the combustion dynamics
inside the cylinder remain unpredictable. The main conclusions are as
follows:

1) At 1500 rpm, the engine achieved a BP of 35 kW, BSFC of 0.254 kg/
kWh, BMEP of 8.61 bar, and BTE of 33.16 %. Whereas emissions
were recorded as 1148 ppm of CO, 11.07 % by volume of CO2, 28
ppm of HC, and 234 ppm of NOx.

1) The chamber modifications have promoted the air–fuel mixtures by
avoiding the fuel pockets through enhanced turbulent motions. The
swirl and tumble motions suggest that the GCC and SCC showed
better in-cylinder fluid motions compared to the standard chamber
and BTCC.

2) The temperature and TKE contours are used to successfully demon-
strate the initiation and generation of combustion and lead to early
premixed combustion. Hence, peak HRR values are noted early for
GCC (373 ◦CA), SCC (369 ◦CA), and BTCC (367 ◦CA) compared to
FCC (380 ◦CA).

3) Higher CO emissions are noted in the case of chambers, where the
unburnt fuel fractions are formed and lower at high-temperature
regions. At 480 ◦CA, the peak value of CO was decreased for GCC,
SCC, and BTCC by 91.57 %, 90 %, and 91.05 %, respectively.

4) NO emissions are directly aligned in the regions where high TKE,
temperature, and unburnt mass fraction regions are noticed. At 480
◦CA, GCC showed a 1.90 % increase in NO compared to FCC, and on
the other hand, GCC showed a 17.35 % and 12.38 % decrease in NO
compared to SCC and BTCC, respectively.

The study recommends that among the investigated chambers, GCC
showed better combustion results and less NOx. To avoid the fuel im-
pingements on the cylinder head, it is further recommended to increase
the depth of the GCC chamber. Furthermore, optimizing the injection
nozzle according to the groove location of GCC is strongly recom-
mended, as injection plumes significantly influence combustion
dynamics.
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