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Abstract. The current computational fluid dynamics (CFD) study presents the effect of piston bowl geometry
on the performance and emissions of a direct-injection diesel engine. Different piston bowl profiles, namely,
hemispherical combustion chamber (HCC), shallow depth combustion chamber (SCC) and toroidal combustion
chamber (TCC), have been created with a baseline compression ratio of 17.5. CONVERGE™ CFD code
coupled with the SAGE combustion model was used for numerical analysis. It is observed that the TCC piston
bowl geometry renders better air—fuel mixture inside the cylinder, which leads to a homogeneous charge.
Further, numerical experiments are carried out to analyze suitable TCC piston bowl geometry by varying the
depth of the bowl. Out of all the cases, the case with 1.26 mm decrease in depth of bowl from the baseline (TCC)

design gives better emissions and performance characteristics.
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1. Introduction

Internal combustion (IC) engines are widely used in mod-
ern day across the world. Owing to stringent pollution
norms, most of the researchers have been exploring for
better engine designs with minimum emissions. Two most
important concerns in diesel-fuelled CI engine are NOx and
soot emissions [1, 2]. The improvement of air and fuel
mixture will improve combustion engine performance.
There are many ways to improve the air—fuel mixture inside
a cylinder, and changing piston bowl geometry is one of
them. Several researchers have worked on combustion
chamber and different types of piston bowl geometry [3].

The combustion of air and fuel mixture and emission
formation in diesel engine show very close relationship
with piston bowl geometry [4]. Experimental studies on the
effects of different bowl geometries of diesel engines were
represented by Jaichandar and Annamalai [S5]. In their
study, three bowl geometries, namely hemispherical com-
bustion chamber (HCC), toroidal combustion chamber
(TCC) and shallow-depth combustion chamber (SCC),
were tested with diesel and biodiesel fuels. These three
piston bowl geometries were compared and observed.
Reduction in CO, unburned hydrocarbons (UHCs) and soot
but NO, emission were slightly higher in TCC as compared
to HCC and TCC. The brake thermal efficiency of TCC
piston bowl geometry was higher than that of HCC and
SCC piston bowl geometries. A simulation study [6] reveals
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that piston bowl geometry affects the combustion and
performance characteristics of direct-injection (DI) CI
engines. Further, these studies have been used to optimise
the piston bowl geometry and spray angle in order to
improve the performance and reduce the emissions.

The flow of gas inside a cylinder is controlled by swirl
and turbulent kinetic energy. Optimised piston bowl
geometry along with swirl ratio is modeled to reduce fuel
consumption and emissions [7]. Piston bowl geometry plays
an important role in the motion of air and fuel inside the
cylinder. A high swirl ratio developed from piston geometry
may produce better air—fuel mixture [8]. Park et al [9]
studied the dimethyl ether (DME) engine and optimised
engine combustion chamber for different operating condi-
tions. Five different types of combustion chamber geometry
were analyzed, and it was reported that deeper cup piston
bowl geometry is best for reducing NOx, soot, HC and CO
emissions. Beard et al [10] discussed different types of
piston bowl geometries used, such as flat and W shaped. It
was observed that a piston bowl can enhance the mixing rate
of air and fuel and can control the turbulence level. A small
change in the piston bowl geometry has an effect on the
swirl ratio and turbulence intensity. The W-shaped bowl
produces more swirl and turbulence at top dead centre
(TDC) position as compared to flat piston bowl geometry.
Prasad et al [11] studied three-dimensional CFD simulations
for flow of air—fuel mixture and swirl in re-entrant com-
bustion chamber. Several geometries were identified which
had produced high swirl ratio and high turbulent kinetic
energy (TKE), but very few piston bowl designs were
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identified for smaller engines. Payri et al [12] created five
different types of piston bowl geometries and the results
were validated with CFD analyses. Piston bowl radius was
observed to play a lead role for flow of fuel near TDC. CFD
analysis has the potential to design equipment with higher
performance and fewer emissions. Song et al [13] analyzed
seven different piston bowl shapes. Squish and swirl were
found to play a very important role in turbulence generation
in a diesel engine. The model was analyzed by coupling
swirl, squish, turbulence and piston bowl shape for better
combustion. Raj et al [14] conducted numerical analysis on
piston bowl geometry using STAR-CD CFD software. Four
different configurations of a piston bowl, such as flat,
inclined, centre bowl and inclined offset bowl, were ana-
lyzed. Centre bowl geometry was seen to perform better
than other bowl shapes because it produces high swirl and
TKE. These parameters play a major role in engine per-
formance and emissions reduction. In the present study, the
effect of three basic types of piston bowls such as HCC,
SCC and TCC was investigated for performance and
emissions. The better design of these basic types was further
analyzed by varying the bowl depth.

2. Numerical simulation and methodology
The present study used CONVERGE™ [15] simulation

software for CFD analysis for different piston bowl
geometries. CONVERGE automatically generates a

Table 1. Key Sub models used in the CFD analysis.
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perfectly orthogonal structured grid at runtime using adap-
tive mesh refinement (AMR) based on simple, user-defined
grid control parameters. This grid generation method com-
pletely eliminates the need to manually generate a grid.
Combustion process can be considered as chemical and
thermal processes that are dependent on each other. SAGE
[16] model has been incorporated into CONVERGE, which
helps in including the detailed chemistry in combustion
applications with a set of chemkin format input files.
Chalmers mechanism [17] is used for combustion chemistry
of n-heptane and NOx formation, which consists of 42
species and 168 reactions. N-heptane is chosen because its
H/C ratio is very close to that of diesel. The various sub-
models used in the present CFD analysis are listed in
table 1. Different input and boundary conditions used for
setting up the simulations are listed in table 2. These
boundary and initial conditions remain the same for all the
cases. In order to compare the results, boundary conditions
are kept constant for all the cases. All the initial conditions
of the simulation are taken at the inlet valve closing (IVC).
The geometry of the three piston bowl shapes are described
in figure 1. The computational domain of HCC, SCC and
TCC used for the present simulation is shown in figure 2.

2.1 SAGE detailed chemical kinetics model

In order to include detailed chemistry in combustion
applications, the SAGE model [16] has been incorporated
into CONVERGE. This approach allows the user to employ
detailed chemical kinetics in combustion simulations with a
set of CHEMKIN formatted input files, which are consid-
ered the standard format for defining chemical mechanisms
in this study. The SAGE model uses the CVODES solver
(which solves initial value problems for ordinary differen-
tial equation (ODE) systems), which is part of the SUN-
DIALS [26] (SUite of Nonlinear and DlIfferential/
AL gebraic equation Solvers) package. SUNDIALS is also a

Table 2. Specifications of variable compression ratio (VCR)
engine.

Bore (mm) 87.5
Stroke (mm) 110
Connecting rod length (mm) 243
Maximum injection pressure 280
(bar)
Speed (R.P.M) 1500
Rated power (kW) 3.5
Injected mass of fuel 2.57778e—05
(kg/cycle)
Compression ratio 17.5
Start of injection/ (aTDC) —23°
Injection duration (CAD) 22°
Load % 100

Inlet valve timings
Exhaust valve timings

Piston temperature (K)
Cylinder temperature (K)
Head temperature (K)
Fuel injection system

No of nozzle holes
Nozzle hole diameter
Injection pressure (Max)

IVO — 184.5°aTDC
IVC — 144.5°aTDC
EVO 144.5°aTDC
EVC 184.5°aTDC

523

443

523

Direct injection by multi-hole

nozzle
3
0.255 mm
280 bar

Turbulence model

RNG k-¢ [18]

Injection drop distribution

Drop drag
Droplet collision model
Collision outcomes model

Drop turbulent dispersion
Drop/wall interaction

Evaporation model

Spray breakup

Combustion modeling and chemical

reaction mechanism

xz (chi squared)
distribution [15]
Dynamic drag model [19]
NTC model [20]
Post collision outcomes
[21]
O’Rourke model [22]
Rebound/slide model [23]
Chiang drop correlations
[24]
KH-RT [25]
SAGE [16] and Chalmers
Mechanism [17]
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All dimensions are in mm

HCC

TCC

SCC

Figure 2. Grid generated computational domain of the HCC, SCC and TCC.

part of CONVERGE. The detailed chemistry solver, SAGE,
calculates the reaction rates for each elementary reaction,
while the CFD solves the transport equations. SAGE, along
with an accurate mechanism, can be used for modeling
many combustion regimes (ignition, premixed, mixing
controlled).

2.2 Experimental set-up

Experiments were carried out using four-stroke, single-
cylinder, direct-injection, water-cooled VCR engine test rig
(shown in figure 3) which is naturally aspirated. AVL 444
exhaust gas analyzer is used to measure the NO, emissions
and AVL 437C smoke meter is used to measure the smoke.
The engine is coupled to eddy current dynamometer for
loading. The in-cylinder pressure is calculated using
piezoelectric transducer. The technical specifications of the

engine are listed in table 2. The engine is equipped with a
fuel injector nozzle with three holes which pressurises the
fuel and injects at a maximum pressure of 280 bar. The fuel
injector is mounted centrally over the piston crown. The
engine operates at a constant speed of 1500 rpm. The
engine has a hemispherical combustion chamber (HCC)
with overhead valve arrangements. Diesel fuel is used for
both experimental and numerical work.

3. Model validation

The simulation and experiment results are compared to
validate numerical results obtained from CFD code CON-
VERGE. The predicted numerical results were validated by
comparing the pressure variation with the crank angle of
HCC bowl geometry with that of the experiment conducted
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Figure 3. Experimental setup of VCR engine.
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Figure 4. Validation of pressure vs crank angle for HCC case.

at 100% load condition. Figure 4 shows the variation of
pressure with crank angle. The trends of simulation are
similar to that of the experiment. However, a slight dif-
ference of about 6.2% in peak pressure is observed.
Experimental pressure is lesser as compared to simulation,
perhaps because during the compression stroke the gases
may escape from the crevice region and would end up with
lower in-cylinder pressure. Comparison of emissions is also
shown in table 3. The difference between numerical and
experimental results for soot and NOy is observed to be —
5% and 6%, respectively.

4. Results and discussions

After successfully validating the simulation model with the
experimental results, three different piston bowl shapes,
namely, HCC, SCC and TCC, were selected to evaluate the
present problem. Based on the performance and emissions,
a better design is chosen to analyze further to optimise for
the performance and emissions.
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Table 3. Comparison of emissions for HCC baseline.

Experimental Simulation
Soot (g/kWh) 1.38 1.46
NOx (g/kWh) 4.48 4.27

4.1 Comparison of HCC, SCC and TCC bowl
shapes

Figure 5 shows the comparison of pressure variation with
crank angle for the three piston bowl geometries. The
variation shows that the peak pressure of TCC bowl
geometry is higher than that of as compared to the other
two piston bowl geometries due to better combustion in
TCC by virtue of better mixture formation of air and fuel.
This may be due to improved swirl motion of air in the
combustion chamber, which in turn leads to better com-
bustion [27]. Figure 6 shows that NOx variation is high in
TCC bowl geometry than in other cases due to its high in-
cylinder pressure, which causes an increase in temperature
within the combustion chamber. Figure 7 shows that soot
emission is low in TCC bowl geometry than in the other
cases. Though there is substantial decrease in soot, a pen-
alty in NOy is observed for the TCC. Similar trends are also
in good agreement with Jaichandar and Annamalai [5].
Based on the present numerical analysis and also from the
literature support [5], it was evident that out of these three
shapes, TCC is a better option in terms of indicated specific
fuel consumption (ISFC) and soot. However, an increment
in NOx emissions has been observed. So there is a need for
further improvement of TCC geometry for simultaneous
reduction of NOy and soot emissions without compromising
the engine performance.

4.1a Analysis of TCC piston geometry: The primary goal
of this study is to find a suitable shape and size of com-
bustion chamber (bowl) for better combustion. In this
regard, the depth of the bowl (shown in figure 8) has been
varied for five different cases in such a way that the com-
pression ratio is maintained constant (17.5). The corre-
sponding dimension for the depth of bowl of five different
combinations is given in table 4. All the five cases are
compared with TCC base line on the basis of their perfor-
mance and emission characteristics. Variation of in-cylin-
der pressure with crank angle is shown in figure 9. It can be
observed that the peak pressure of the base line configu-
ration is highest compared to all other five cases and case 4
has the lowest. However, when the ISFC is compared (from
figure 10), ISFC for case 3 is at par with the TCC base line,
which means that the indicated power in case 3 and base-
line is almost same, but a higher peak pressure is observed
for the baseline. Similarly, the in-cylinder temperature
variation with respect to crank angle is shown in figure 11.
The peak in-cylinder temperature of TCC base line is found
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Figure 5. Comparison of pressure vs crank angle between HCC, SCC and TCC.
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Figure 6. Comparison of NO, vs crank angle between HCC,
SCC and TCC.
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Figure 7. Comparison of Soot vs crank angle between HCC,
SCC and TCC.

to be the highest than in other geometries, whereas case 1
has the lowest.

Figure 12 shows variation of swirl ratios for different
bowl configurations. It is observed that peak swirl ratio is
attained at the time of combustion (around TDC) for all the
configurations, which means the swirl is intensified when

All Dimensions are in mm

Figure 8. Representation of TCC bowl geometry (one half).

Table 4. Depth of bowl for different cases.

Depth of bowl in mm

TCC (Base line) 21.56
Case 1 22.50
Case 2 23.46
Case 3 20.30
Case 4 19.24
Case 5 23.58

the piston reaches TDC as the radius of rotation reduces. It
is also observed that the peak swirl ratio is highest for case
1 and lowest for case 5.

In figure 13, NOy variation is shown for different cases.
It is observed that all the modified geometries have lesser
NOx emissions than the baseline case. However, it is
observed that in cases 3 and 4 (depth of bowl decreased)
NOx reduces drastically compared to other cases (depth of
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Figure 11. Temperature variation with crank angle for different
cases.

bowl increased). In diesel engines, the NOx formation is
highly active at higher temperatures. The lesser combustion
temperatures for cases 3 and 4 (observed from figure 11)
reduce the NO, formation.

Figure 14 shows that soot emissions are highest for case
5 (lowest swirl ratio) and lowest for case 3 corresponding to
SR 3.75, because, when the depth of bowl is reduced, the
soot is reduced because of a better homogeneous mixture

Swirl_Ratio
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Figure 15. HC emission at different cases.
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attained by the higher swirl generation for case 3 (see fig-
ure 20). Though case 1 has the highest swirl ratio, it fails to
generate the lesser soot SR (>4.25). We can also ensure that
the threshold value of the SR for this engine configuration
is around 3.75.
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Figure 19. Soot and NO for different piston bowl geometries.

Variation of HC and CO for different piston bowl con-
figurations is shown in figures 15 and 16, respectively.
Similar trends have been observed for both the pollutants.
These pollutants mainly get oxidised when the post-com-
bustion temperatures are above 1000 K [28]. It is also
observed due to the higher swirl ratios (>4.25) may be
imputed to the extensive lean region of the spray and poor
oxidation reactions, so cases 1, 2 and 5 bowl shapes have
the higher formation of HC and CO.

5. Selection of piston bowl geometry

After analyzing the results for all the five cases of piston
bowl geometry, a better design of emissions and ISFC is
decided by using the BS norms [29] (Bharat Stage emission
standards). Figure 17 shows the values of soot and NOx
along with HC for all five cases. It is found that case 3 falls
within the range of acceptance as decided by the BS norms
[0.3 (g/kWh) for soot emission and 7.5(g/kWh) for NOx +
HC emission]. Figure 18 shows the values of ISFC and
NOx along with HC for all the five cases. Case 3 is in the
acceptable range [215 (g/kWh) for ISFC and 7.5(g/kWh)
for NOx 4+ HC emission]. Case 3 produces less amount of
NOx and soot emission as compared to all other cases
including HCC, SCC and TCC base line, which can be
observed from figure 19. Soot emission is reduced by
41.46% and NOx emission is reduced by 71.08% for case 3
as compared to TCC base line bowl geometry. Figure 20
shows the contours, mean and variance of the equivalence
ratio for the TCC baseline and case 3. It can be observed
from the figure that the variance of equivalence ratio for the
optimum case (case 3) is lesser than that for TCC baseline.
This is evident that case 3 has more homogeneous distri-
bution of equivalence ratio as compared to TCC baseline.
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Figure 20. Equivalence ratio distribution for TCC baseline and case 3.

6. Conclusions

In the present CFD study, the effect of different piston bowl
geometries at constant speed and load were analyzed using
CONVERGE™ CFD software. Early results show that
TCC piston bowl shape is found to be the better among the
three shapes in terms of ISFC and soot but resulted in
higher NOx emissions. The analysis was extended to
evaluate the performance and emission characteristics of
TCC bowl shape for five other cases. The cases have been
compared and the optimum was chosen based on the lower
emissions (NOx and soot). Increase in depth of bowl from
TCC baseline from 21.56 to 23.46 mm increases the swirl
ratio and helps in mixture homogeneity and further increase
in depth of bowl ruins the combustion characteristics.
Decrease in depth of bowl from TCC baseline (21.56 to
20.30) improves the combustion, and further reduction in
depth of bowl leads to deterioration in performance. In the
present study, swirl ratio of around 4 favors the combustion
characteristics for the given engine configuration. Homo-
geneity of the charge inside the cylinder was improved for

case 3 and thereby reduces the soot emissions. Case 3 was
found to be the best among all the cases with lower NOx
and soot also its ISFC is at par with the TCC baseline. The
depth of bowl 20.30 mm (Case 3) of the TCC shape is
found to be the optimum, and the corresponding NOx and
soot emissions are lower by 71% and 41%, respectively, as
compared to TCC baseline.
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Nomenclature

ATDC after top dead center

bTDC  before top dead center

CAD crank angle degree

CFD computational fluid dynamics
CcO carbon monoxide
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UHC unburned hydrocarbon

HCC hemispherical combustion chamber
HRR heat release rate

NOx nitrogen oxides

PM particulate matter

SCC shallow depth combustion chamber
TCC toroidal combustion chamber
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