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Abstract: In diesel engines, emission formation inside the combustion chamber is a complex phe-
nomenon. The combustion events inside the chamber occur in microseconds, affecting the overall
engine performance and emissions characteristics. This study opted for using computational fluid
dynamics (CFD) to investigate the combustion patterns and how these events affect nitrogen oxide
(NOx) emissions. In this study, a diesel engine model with a flat combustion chamber (FCC) was
developed for the simulation. The simulation result of the heat release rate (HRR) and cylinder
pressure was validated with the experimental test data (the engine test was conducted at 1500 rpm
at full load conditions). The validated model and its respective boundary conditions were used
to investigate the effect of modified combustion chamber profiles on NOy emissions. Modified
chambers, such as a bathtub combustion chamber (BTCC) and a shallow depth chamber (SCC), were
developed, and their combustion events were analysed with respect to the FCC. This study revealed
that combustion events such as fuel distribution, unburnt mass fractions, temperature and turbulent
zones directly impact NOy emissions. The modified chambers controlled the spread of combustion
and provided better fuel distribution, improving engine performance and combustion rates. The
SCC (63.2 bar) showed peak pressure rates compared to the FCC (63.02 bar) and BTCC (62.72 bar).
This study concluded that the SCC showed better results than other chambers. This study further
recommends conducting lean fuel mixture combustion with chamber modifications and optimising
fuel spray, such as by adjusting the fuel injection profile, spray angle and injection timing, which has
a better tendency to create complete combustion.

Keywords: combustion chamber geometry; NOy emissions; heat release rate; cylinder pressure;
engine simulation; diesel engine

1. Introduction

Nitrogen oxide (NOx) emissions are still a significant concern in diesel engines, which
are directly influenced by many operational parameters [1,2]. In addition, these emissions
create more alarming situations with renewable biodiesel fuel [3]. In general, NOy emissions
form at higher temperatures where the atmospheric nitrogen reacts with the oxygen and
causes higher NOy emissions [4]. NOx emissions form in different mechanisms, mainly
thermal (as per the Zeldovich mechanism), prompt (Fenimore), the N,O pathway, fuel-
bound nitrogen and the NNH mechanism [5]. NOy emissions mostly contain NO, nitrogen
dioxide (NO;) and nitrous oxide (N,O). Thermal NO accounts for >90% of total NOy
from diesel engines. NO is one of many harmful emissions released from burning fossil
fuels. This pollutant causes many human health hazards and environmental problems
similar to NO, gas [6]. However, NO,, the other most common form of nitrogen oxides,
contributes to acid rain, photochemical smog and particulate matter, causing adverse effects
on humans and the environment, such as respiratory problems, tropospheric ozone and
eutrophication [7-9].
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Recent studies have proposed several advanced techniques to reduce NOy emissions,
such as low-temperature combustion (LTC) strategies, fuel emulsion techniques, chamber
modifications and exhaust gas after-treatment systems [10,11]. Though LTC can achieve
near-zero NOy emissions, the major disadvantage of LTC strategies is combustion con-
trol [10]. In addition, water emulsion and fumigation techniques provide better control
over combustion by controlling the blends and injection rates; however, the trade-offs
are reduced performance and higher carbon monoxide (CO) and hydrocarbon (HC) emis-
sions [12,13]. Exhaust gas after-treatment systems are practically viable equipment, but
they require catalyst regeneration and continuous maintenance [14]. Above all, several
other aspects, such as load, compression ratio, cold start conditions and equivalence ratio,
also affect NOy emissions [15]. As mentioned earlier, NOy emissions are higher at high
temperatures, caused by rapid combustion inside the cylinder. Improper fuel mixtures
cause rapid combustion due to the formation of fuel pockets inside the chamber. Higher
chances of the formation of fuel pockets can be seen in biodiesels due to the variation in
their physical properties [16-18]. Combustion chamber modifications tend to improve the
air/fuel mixing rates and enhance the combustion process [19].

This study thoroughly investigates the formation rates of NOy emissions inside the
modified combustion chambers at different stages. Previous studies on chamber modifica-
tions showed improved brake thermal efficiency (BTE) and reduced HC and CO emissions
with increased NOy [20-22]. However, a significant gap in the combustion aspects affects
the formation of emissions inside the engine. The present study enables the synchronous
collection of data on combustion parameters for different chambers (FCC, BTCC and SCC)
to analyse NOy formation and distribution. To accomplish this, an engine chamber model
with a flat piston head (FCC) was developed and validated against the experimental data.
The validated setup was then used to carry out in-cylinder combustion analysis for different
modified chambers and their effect on NOy emissions. This research critically analyses
engine combustion characteristics and helps researchers look at NOx formation aspects
from a different perspective.

2. Methodology

A Kubota V3300 engine was used to investigate the engine performance and emission
characteristics of diesel fuel. The test engine specifications are presented in Table 1. At full
load conditions and at 1500 rpm, the performance and emission results were recorded. The
combustion phenomenon was investigated at a constant injection pressure of 13.73 MPa
and a compression ratio of 22.6:1. Figure 1 shows the schematic diagram of the engine
setup controlled by the data acquisition system. An electromagnetic dynamometer was
equipped to study engine performance data such as brake power, torque and speed. The
necessary flow meters were installed during the test to monitor intake air flow and fuel
consumption. A MAHA 5 gas analyser recorded emissions such as CO, HC, CO,, O, and
NOx. A sophisticated pressure transducer was used to record the cylinder pressure data
and thereby calculate the heat release rate (HRR) and cumulative heat release rate (CHRR)
using Equation (1) [23] and Equation (2) [24] as shown below:

dQ _ 1 ydp v ,dv
0 y—1'de "y—1'de M

and ‘ 40
/ dchmmulative = @ ()

where % is the heat release rate in ] /°CA, V (m®) and P (Pa) are the volume and pressure
of the cylinder at that °CA and y (C, /Cy) is the specific heat constant of the air, which is
1.40 as per [25].
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Table 1. Engine specifications.

Engine Specifications

Type Kubota V3300
Bore and stroke 98 mm x 110 mm
Compression ratio 22.6:1

Fuel Diesel

Cooling system Water cooled
Speed 1500 rpm

Exhaust Emissions

|CO emissions 1148 ppm

lco11.07 vol.%

Model Validation

Pressure, HRR, MFB, Cumulative HRR ‘

BP, BSFC, BTE, BSEC, BMEP, FCE

5-gas analyser

Fuel Room /o\
_‘I _'l Flow meter
Tank Tank

: 1970 K H
H " H
| Data Acquisition | 5 E

Signal Amplifier H 440K

Fressure transaucer ¢

Angle encoder
Eddy current
Dynamometer

Model design, sector conversion and|
mesh generation

Kubota V3300
engine

L

Figure 1. Schematic diagram of the experimental setup and numerical study.

The combustion chamber geometry was developed using Ansys SpaceClaim with
the specifications provided in Table 1 [26]. Ansys fluent was used to create the sector
combustion model, where the 1/6th part of the chamber was examined for the simulation
studies. The Diesel Unsteady Flamelet, a nonpremixed combustion model, was used to
simulate the turbulent combustion process. This model helps to simulate multiple cycles of
internal combustion engines. A direct injection simulation was carried out on the sector
model to study the combustion patterns inside the chamber with a nonadiabatic system.
The boundary conditions, such as the cylinder walls, were kept rigid, and the piston head
surfaces were kept free for the movement of the stroke length.

Ansys provides a sophisticated adaptive mesh tool that automatically generates fine
and coarse mesh according to the requirements. Firstly, a fine mesh was applied on the
sector model, in which the adaptive mesh refinement tool generated a fine mesh on the
chamber model with 1,948,328 nodes and 1,878,444 elements. Later, a coarse mesh was
applied to the chamber model, and 597,824 nodes and 566,470 elements were generated.
Finally, the HRR values from the respective simulation outcomes were recorded to verify
grid independence from the coarse and fine mesh. The error percentage of these HRR values
was calculated as 0.001%, proving that the changes in mesh types have less impact on the
current simulation. Hence, this study opted to use coarse mesh with the other chambers.

The turbulent k-e model was used in this study to solve the Navier—Stokes equations.
The main reason for selecting the k-e model was because it statistically averages the multi-
scale eddies formed during combustion and can capture the horizontal velocity profiles
along the free-flow streams. The turbulent kinetic energies (k) and the dissipation rates (¢)
of these eddies are calculated using Equations (3) and (4) [27,28].
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To observe turbulent kinetic energy (k)
a(;[k) + 3(32%) = aax] [;?ﬂ + 21 EjEy — pe 3)
To observe the dissipation rate (¢)
a(gf) + a(giipi) = aax] [2;}: + C1e£2LLtEijEij - Czap% (4)

The spray angle was kept at 70° for the injected fuel, and the fuel was injected at a
crank angle of 356 °CA to validate it with respect to the experimental heat release rate. The
Kelvin-Helmholtz (KH) instability model was considered to predict the injection profiles,
and the model helped assess the spray breakdown. Once the model profile setup was
validated, the initial setup and boundary conditions were used to simulate the BSCC and
SCC profiles.

The main reason to present these chambers for evaluation was to investigate the effect
of the length of the bowl chambers. The review conducted by Doppalapudi et al. [19]
revealed that the squish chamber directly influences the in-cylinder combustion rates and
NOx emissions. So, the length of the piston bowl stipulates combustion in the squish region.
Hence, this study chose the SCC (inspired by [29,30]) and the BTCC (inspired by [20,31])
for further investigation. The engine tests conducted with these chambers resulted in high
thermal efficiency and lower emissions. This was due to the reduced squish length and
high turbulence inside the chambers [29,31]. Hence, this study chose these chambers to
numerically investigate the in-cylinder emission formation rates for these chambers. The
piston bowl geometries of the FCC, BTCC and SCC are presented in Figure 2.

D75 mt
A 5y /\/ ol
v // / / i
> : 1

21 mm Q\('/-‘ S

o

(a) FCC

(c) BTCC

Figure 2. Piston bowl chambers: (a) FCC; (b) SCC; (c) BTCC.

3. Results and Discussion
3.1. Performance and Emissions Parameters

Figure 3 illustrates the experimental results of engine performance and emissions
at 1500 rpm and at full load conditions. The performance parameters such as brake
power (BP), brake specific fuel consumption (BSFC), brake mean effective pressure (BMEP),
brake thermal efficiency (BTE) and fuel conversion efficiency (FCE) were noted as 35 kW,
0.254 kg/kWh, 8.61 bar, 33.16% and 33.2%, respectively. The emission parameters, such as
CO, CO,, HC, O and NOy emissions, were recorded as 1148 ppm, 11.07 (vol.%), 28 ppm,
234 ppm and 39.01 (vol.%), respectively. The main reason for presenting the combustion
and performance events at 1500 rpm was because this operating condition is the mid-range
of speeds and provides typical operating scenarios.
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(a) Performance Parameters (b) Emission parameters

Figure 3. Engine characteristics of diesel engine at 1500 rpm: (a) performance parameters;
(b) emissions parameters.

3.2. Combustion Parameters for Model Validation

Considering the experimental combustion parameters at 1500 rpm, this study set the
initial and boundary conditions to the simulated model as a reference. The standard com-
bustion chamber (FCC) model was validated with the experimental heat release rate and
cylinder pressure; the validated plots are presented in Figures 4 and 5. The HRRs for both
the experimental and simulation results followed the same trend. However, the formation
of peak HRR for both was in the range of +5 °CA. As expected, the simulated results
showed a peak HRR near 380 °CA, whereas the experimental peak HRR was observed
near 375 °CA. The error percentage between the total HRR values of both simulated and
experimental results was about 3.8%, less than the 5% acceptable tolerance limit. It can be
noted that the simulated HRR curve followed a similar trend from 358 °CA to 375 °CA.
The variation of 3.8% mainly happened during the late combustion phase due to flame
propagation, high turbulence and complex flow inside the cylinder. A similar scenario can
be found for cylinder pressure for both experimental and simulation results in Figure 5.
In addition, the pressure plots also add more strength to validate the current model. The
pressure values for the simulation and the experiments followed the same trend until
the middle of the combustion stroke. Moreover, the peak pressures were higher for the
simulation results than for the experimental results. However, the pressure trend deviated
quite a bit during the postcombustion phase (before the exhaust valve opening period).
Higher pressure ranges were observed for the experimental results than the simulated
results. Overall, both the cylinder pressures and the HRR trend followed a similar pattern,
and subsequently, additional changes to the chamber were applied to the validated setup.
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Figure 4. Comparison of experimental HRR with simulated AHRR at 1500 rpm for FCC chamber.
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Figure 5. Analysis of variation in in-cylinder pressure for experimental and simulation results at 1500 rpm.
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3.3. In-Cylinder Pressure Formation in Modified Combustion Chambers

The preprocessed cylinder pressure data from the simulations for the FCC, BTCC
and SCC are presented in Figure 6. Maximum peak pressures for the FCC, BTCC and
SCC were recorded as 63.02 bar, 62.72 bar and 63.2 bar at 362 °CA for the FCC and BTCC
and at 363 °CA for the SCC, respectively. Higher peak pressures were formed in the SCC
compared to the FCC and BTCC. Also, higher combustion pressures were noticed for the
modified chambers during the combustion stroke [32]. This is due to the high turbulence
created by the modified chambers, which increased the combustion rates [33]. As the
pressure is directly proportional to the temperature, high compression temperatures will
also develop, thereby reducing the ignition delay [34]. A study conducted by Li et al. [18]
also revealed a similar pressure distribution, where increased pressure is noticed for the
modified omega combustion chamber (OCC) and SCC compared to the standard FCC. As
useful engine work is generated during the combustion stroke, higher temperatures and
pressures formed with the modified chambers will improve the engine’s efficiency.

70
6302 bar (()32 bar
{1 ——FcCcC <
¢/ |\
- — BTCC RN
601 _.— scc :
| 62.72 bar \
50 \
\&

(O8]
(=]
|

In-cylinder pressure (bar)
o
S
!

[\
=)
|

10 T T T T T 1 T T
320 330 340 350 360 370 380 390 400 410 420

Crank angle (°CA)

Figure 6. In-cylinder pressure formation for the modified chambers.

3.4. Analysis of Heat Release Rate for Modified Combustion Chambers

The apparent heat release rates (AHRRs) of the FCC, BTCC and SCC combustion
chambers are presented in Figure 7. Figure 7 shows that early combustion happened in
the modified chambers because of the increased turbulence that the piston bowl geometry
created [35,36]. The formation of elevated temperatures near the compression stroke
approached the fuel’s auto-ignition temperature, which caused the early heat release rate
(HRR). The injected fuel hit the corners of the piston bowl lips, dispersed inside the chamber
and caused better fuel evaporation and distribution. This phenomenon increased the HRR
for the modified chambers. The FCC prolonged the HRR because of the fuel accumulation
on the cylinder walls, as discussed in the below sections. Though the BTCC and SCC
started with an early heat release, the BTCC utilised the higher amounts of available
energy, leading to a higher HRR. This was due to the better air-fuel mixing inside the
chambers. The modified chambers trapped the fuel near the cylinder axis, leading to early
combustion [37].
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The cumulative heat release rate (CHHR) plays a vital role in expressing combustion
efficiency. Figure 8 represents the CHHR values for different modified chambers across the
combustion stroke. The CHHR trend is slightly higher for the modified chambers than for
the FCC. The total CHRR values for the BTCC and SCC are 22.6% and 20.9% greater than
for the flat chamber. As seen in the HRR graph (Figure 7), early ignition in the modified
chambers and higher in-cylinder pressures increased the combustion speeds, leading to
a higher CHRR range. Cihan et al. [38] observed a higher CHRR for the Wankel engine
due to the larger stroke volume and the lower volume efficiency. The modification of the
chambers affects the volumetric flow of fluids and the combustion parameters.

Figures 9-11 illustrate the correlation between the in-cylinder pressure and the HRR
with respect to the crank angle. The figures show that higher heat release ranges were
observed along the compression stroke for the modified chambers compared to the FCC.
Peak HRR values and zones were higher for the modified chamber compared to the FCC.
The peak turbulence formed inside the chambers will cause combustion distribution along
the cylinder chamber and increase the HRR. During the power stroke, the pressure was
reduced and higher magnitudes of heat release rates were noticed for the SCC and BTCC.
The increase in heat release rates can cause higher NOy. To avoid the high-temperature
regions, a lean fuel operating condition with the chamber modifications can reduce the
intensity inside the chamber. There is scope to work on the chamber modifications with the
reduced NOy, along with fuel consumption control.
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Figure 7. Comparison of AHRR for FCC, BTCC and SCC at 1500 rpm.
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Figure 8. Variation in cumulative HRR for FCC, BTCC and SCC.
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Figure 10. In-cylinder pressure vs. AHRR for BTCC.
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Figure 11. In-cylinder pressure vs. AHRR for SCC.

3.5. Analysis of Combustion Parameters on NOy Emissions at 368 °CA

As shown in Figure 12, the temperature at the end of the compression stroke was
higher for the modified BTCC and SCC than for the FCC. The recorded peak temperatures
for the BTCC, SCC and FCC were 1970 K, 1970 K and 1950 K, respectively. Moreover,
the peak turbulent kinetic energy (TKE) for the modified chambers, SCC (797 m?/s2) and
BTCC (459 m?/s?), was more than for the FCC (450 m?/s?) at the end of the injection
period. This study chose to present the state of combustion events at 368 °CA to analyse
the fuel injection rates and their interaction behaviour with the chambers. As shown in
the figure, the injected fuel comes into contact with the flat chambers, which disrupts the
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rate of fuel atomisation and can lead to fuel accumulation. In the case of the modified
chambers, the bowl chambers provided quite a space for the fuel to become atomised,
avoiding fuel accumulation near the wall chambers [15,39,40]. This is the main reason for
the early and high HRRs (Figures 7 and 8) for the modified chambers compared to the FCC.
The injection analysis for the different biodiesel fuels and at different injection rates helps
investigate the combustion behaviour and emission formation. The source of NO emissions
is clearly depicted in Figure 12, where temperature contours are similar to the NO emission
contours for all the chambers. The peak NO for the chambers was recorded as 2.8 x 1075,
2.18 x 107° and 2.07 x 1075 for the FCC, BTCC and SCC, respectively.

FCC BTCC SCC
- 1970 K 1970 K
El wm — o
< — - - ) g
5o ——— n S m =
= [
5 e 440K
& | 440K 440 K
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— —_ —
% b E—
-— -
23.9 m*/s* 22.3 m?/s® 23.6 m?/s*
kgtuel/Kgmix kgtuel/Kgmix kgtuel/Kgmix
8 0.3 12 1.32
g w— - —
& [~ oy
= — 0.0 —
0.0 0.0
kgno/kgumix kgno/kgumix kgno/kgumix
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° - — —
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< [ —
0.0 0.0
0.0 2

Figure 12. Effect of combustion parameters on NOy emissions at 368 °CA.

3.6. Analysis of Combustion Parameters on NOy Emissions at 428 °CA

Figure 13 illustrates the effect of the combustion parameters on NOy emissions for
different piston bowl geometries at 428 °CA. High combustion temperature regions are
formed for the SCC (1430 K) compared to the BTCC (1410 K) and FCC (1400 K). As shown
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in Figure 13, thermal NO has a direct interactive path with temperature. The NO contour
is similar to the temperature contour, indicating that the temperature directly influences
the NO (thermal NO) emissions. The analysis conducted by Kilic et al. [41] revealed
that a decrease in peak combustion temperatures significantly decreased NOy emissions.
Moreover, high NO concentrations were noted near the fuel mass regions. This is due to
the physical and kinetic energies of the fuel particles inside the chamber. The cold and hot
mass fractions increase the particle kinetic velocities, increasing the temperature inside
the cylinder [42]. In the expansion stroke, the intensity of the TKE is reduced significantly
compared to the starting of the combustion stroke (Figure 12). At 428 °CA, higher NO,
emissions were observed than N;O, and the percentage difference between the chambers
was noted as 79%, 100.86% and 90.3%, respectively. As shown before, at 368 °CA, the NO,
emissions were significantly lower than the N;O emissions, which is quite inconsistent.
N>O emissions were observed near the outer surfaces of the NO emissions, where the
exterior areas are easily oxidised and form N, O emissions. Similarly, in the outer regions of
NO, higher NO, was observed due to the oxidation and nitration processes, as presented
in Figure 13 [43].
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Figure 13. Effect of combustion parameters on NOx emissions at 428 °CA.
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3.7. Analysis of Combustion Parameters on NOy Emissions at 480 °CA

Figure 14 presents the effect of combustion parameters on NOy emissions for different
piston bowl geometries at 480 °CA. Due to the flat chamber surface of the FCC, the fumes
are directed toward the cylinder wall, and combustion happens near the chamber walls.
Meanwhile, with the modified chambers, the bowl surfaces obstruct the injected fuel, and
combustion occurs inside the cylinder [44]. The combustion process can be clearly analysed
through the temperature and TKE profiles. Due to the chamfered edges of the BICC,
the fuel slipped toward the cylinder wall, and the wall-wetting nature of the fuel can be
observed near the crevice regions [45]. It can be seen from Figures 12 and 14 that a decrease
in peak temperatures was noted for all the chambers during the compression stroke to the
end of the combustion stroke. From 368 °CA to 480 °CA, temperatures decreased from 1950
K to 1290 K for the FCC, from 1970 K to 1200 K for the BTCC and from 1970 K to 1240 K for
the SCC, respectively. This was mainly due to a change in pressure variation as the piston
moved towards the combustion stroke [46]. Moreover, a higher amount of TKE was also
noticed at 368 °CA than 480 °CA, which caused rapid combustion and increased the peak
temperatures inside the chamber. The formation of less turbulence at 480 °CA impacted the
fuel accumulation for all the chambers. The wall-wetting nature can be clearly observed in
the FCC on the cylinder head surface, directly correlating with the NO formation [33]. The
BTCC showed better combustion rates as it used more fuel during the combustion process
than others.

The FCC showed a peak mass fuel fraction of 2.47 x 1072 Kgtuel / kgmix, whereas the
BTCC and SCC showed 1.16 x 1072 kgsyel /kgmix and 1.77 x 1072 kgge1/Kkgmix, respectively.
Though the SCC showed higher mass fractions inside the chamber than the BTCC, the mass
fractions were situated in the bowl chamber for the SCC. Meanwhile, for the BTCC, the mass
fractions were noticed in the squish regions. Adjusting the spray behaviour in the bowl
chamber can avoid the fuel accumulation in the bowl chamber of the SCC and can create
better combustion [47]. The SCC showed peak NO emissions of 1.01 x 107> kgno/kgmix
compared to the BTCC (9.80 x 1070 kgtuel / kgmix) and FCC (8.40 x 107° kgtuel / Kgmix)-
This was due to high TKE and high-temperature zones in the modified chambers. Though
the FCC revealed lower peak NO emissions, the peak NO, emissions were significantly
higher than the SCC.
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Figure 14. Effect of combustion parameters on NOy emissions at 480 °CA.
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4. Conclusions and Recommendations

This study used the CFD simulation tool to analyse the combustion and emission
formation mechanism for the FCC, BTCC and SCC. Reaction models, combustion results
and emission quantities were assessed on the validated combustion chamber to investigate
the effect of chamber geometries on combustion aspects and emission parameters. The
main conclusions are as follows:

(@) The chamber modifications improved air-fuel mixtures, avoiding fuel pockets. High
TKE motions indicate that the BTCC and SCC showed better in-cylinder fluid motions
and performance than the FCC.

(b) The temperature and TKE contours demonstrate combustion at crank angles of
368 °CA, 428 °CA and 480 °CA, and these contours are used to describe the NOy
emission pathways.

(¢) NO emissions were high in the regions where high TKE, temperature and unburnt
mass fractions were observed. Compared to the FCC, higher NOx emissions were
observed in the modified BTCC and SCC due to the generation of higher temperatures.

(d) From the investigation, the SCC showed better combustion results compared to the
FCC and BTCC. The SCC exhibited better combustion through higher in-cylinder
pressure, HRR and cumulative HRR than the other chambers. However, higher
unburnt mass fractions were observed in this chamber bowl than in the BTCC, which
can be controlled by adjusting injection rates and spray angles.

This study recommends investigating lean fuel mixture proportions to reduce the fuel
intake inside the chamber, which can help reduce the cylinder temperatures, eventually
reducing NOy emissions. This study further recommends investigating bowl geometries
with the optimisation of fuel spray, such as by adjusting the fuel injection profile, spray
angle and injection timing, which has a better tendency to create complete combustion.
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