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Abstract 

Nowadays, for the diesel engine-based powertrains, the increasingly 

demanding CO2 legislative targets and the need to comply with real-driving 

emission standards, are pushing toward an unprecedent technological innovation. 

In this scenario, the optimization of the combustion system can strongly minimize 

fuel consumption and emissions, while limiting the incremental cost due to the 

adoption of advanced aftertreatment systems. Regarding diesel engine, the design 

of the piston bowl has shown a strong impact on the air/fuel mixing process, 

enabling higher EGR tolerance for better soot-NOx trade-off. 

During the early stages of the optimization process, the simulation codes have 

been assuming remarkable importance, providing a virtual test rig for the 

preliminary assessment of the best concept, while reducing the time and cost of 

the experimental tests. With this aim, a synergetic approach based on both 3D-

CFD simulations and experimental tests was developed. Regarding the simulation 

methodology, an integrated and automated 1D-/3D-CFD coupling code was 

adopted. This approach featured a calibrated spray model and the SAGE chemical 

kinetic solver coupled with a detailed soot PM model for the in-cylinder soot mass 

prediction.  

Thanks to the developed numerical model, the performances of different 

piston bowl designs for 1.6L diesel engine were investigated. Firstly, the 

numerical model was validated against the experimental tests that were carried out 

on a Single Cylinder Engine (SCE) for the baseline re-entrant bowl, showing great 



 
 

 

accuracy both in terms of combustion and emissions. Then, two innovative piston 

bowl designs were investigated: a stepped-lip and a radial-bumps designs. In the 

stepped-lip design the protruding lip used for the baseline re-entrant bowl was 

replaced by a tapered lip, where the fuel injection split can improve the air 

utilization in the squish region. For the radial-bumps bowl, a number of radial 

bumps equal to injector nozzle holes was added in the outer bowl rim, aiming to 

mitigate the flame-to-flame interaction. These innovative designs showed an 

improved air/fuel mixing process, significantly reducing the fuel consumption and 

the engine-out soot emissions under full load and partial load engine operating 

conditions. Moreover, a sensitivity analysis over different engine calibration 

parameters showed that no further recalibration was needed with respect to the 

baseline calibration of the re-entrant bowl.  

Once investigated the stepped-lip and the radial bumps designs, a further step 

in the optimization process was carried out. With this aim, to assess the potential 

of a synergy between these two pistons, a hybrid piston was designed. It 

combined a highly-reentrant sharp-stepped bowl and a number of radial bumps in 

the inner bowl rim equal to the injector nozzle holes. The hybrid piston was 

preliminary investigated through numerical simulations. Then, the numerical 

results were compared with the experimental data coming from an optical access 

engine. In this activity, the Combustion Image Velocimetry (CIV) and the OH* 

chemiluminescence techniques were used for the flame characterization. Then, the 

2-color pyrometry KL data were considered for the soot analysis. For the direct 

comparison of the numerical and experimental data, a numerical methodology 

was developed, providing an equivalent KL in the 3D-CFD environment. 

Regarding the numerical analysis, the hybrid bowl has shown a strong 

improvement of the air/fuel mixing. This resulted in a great soot reduction 

potential without any fuel consumption penalties. The numerical flame evolution 

and the in-cylinder soot distribution showed a good agreement with the optical 

data. This suggested the extension of the phenomena observed in the optical 



 
 

 

engine even under the real metal engine operating conditions. Finally, the results 

of the analysis were compared with experimental data of a SCE based on similar 

engine architecture. The experimental tests confirmed the great soot reduction 

potential of the hybrid bowl with respect to the conventional re-entrant bowl, 

while keeping comparable efficiency and NOx levels.   
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Chapter 1 

1Introduction 

1.1 Background 

The global demand of passenger car and freight transportation is strongly 
increasing due to the growth of population and economic, resulting in higher 
carbon emissions. Nowadays, the transportation sector accounts for about 25% of 
the global anthropogenic CO2 emissions and the highest contribution (77%) is due 
to the on-road vehicles [1]. In the absence of further policy action, the CO2 
emissions from transportation will significantly growth over the next 30 years. 
Therefore, to limit the global temperature change to 1.5°C in 2050, a significant 
improvement of the system efficiency and low GHG-emission technologies must 
be introduced in the transportation sector [1]. The electrification and hybridization 
have been considered as potential solution for replacing the conventional Internal 
Combustion Engine (ICE). This is the current trend for light-duty sector, while for 
medium- and heavy-duty applications the massive electrification is not a near-
medium term solution. In this case, the weight of the batteries, the autonomy 
requests, the costs, and the lack of infrastructures can significantly affect the 
market penetration. Also, the manufactures and research groups are investing on 
the development of new technologies, such as innovative combustion modes [2,3] 
and alternative fuels (e.g., biofuels, hydrogen) [4–6], aiming to achieve the more 
stringent emissions targets. As shown in Figure 1–1, in the Net Zero Emissions 
(NZE) scenario, the share of oil in road transport demand decreases to 75% by 
2030 thanks to the introduction of electricity, biofuels and hydrogen [7]. 
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Nevertheless, by 2030 ICE vehicles still account for nearly 80% of the stock of 
cars, meaning that efficiency improvement remains critically important [7].  

 

 

Figure 1–1: NZE Scenario: final energy consumption in transport by source and mode. 
From [7].  

 

In this framework, although the number of new diesel vehicles decreased 
sharply, they will still be part of the market in the next years, especially in the 
light commercial vehicles and heavy-duty segments [8]. Regarding the emissions 
targets, diesel engines coupled with the recent aftertreatment systems technologies 
can respect the more stringent NOx targets under real-driving (RDE) conditions, 
without any significant fuel consumption worsening [9]. Nevertheless, the 
incremental cost due to after-treatment can significantly affect the total cost of 
diesel engine, affecting its market penetration [10–12]. Therefore, to mitigate the 
cost, the in-cylinder control of pollutant emissions will still play a crucial role. In 
this context, the combustion system design can significantly reduce the fuel 
consumption and the pollutant emissions [13]. 

1.2 Diesel piston design and optimization 

The combustion chamber design plays a fundamental role in the generation of 
the flow field that supports the combustion process. The modern diesel 
combustion systems feature a flat cylinder head with a centrally mounted injector 
and a cavity on the piston (i.e., bowl volume) where the main part of the 
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combustion occurs. Adopting a flat cylinder head the mechanical strength is 
increased and a higher peak cylinder pressure is tolerated at the high loads. Also, 
the proper design of the piston bowl enhances the air/fuel mixing rate, thus 
leading to benefits on terms of emissions and fuel consumption [14]. Figure 1–2 
shows a scheme of the diesel piston features. The region outside the bowl volume 
is referred as squish volume and it is assumed to be unavailable for the 
combustion process [14]. It is common to evaluate the potential air utilization 
adopting the k-factor definition: the ratio between the bowl volume and the total 
volume at TDC (bowl volume + squish volume). Hence, the higher is the k-factor 
the higher is the air utilization. The central region below the injector is called 
piston pip and it is designed to increase the mixing in a region with reduced flow 
velocity [14]. For light-duty diesel engine, the bowl usually shows a reentrancy: 
the top of the bowl has lower diameter of the maximum bowl diameter, defining a 
piston lip [13], as shown in Figure 1–2 – a. This design is typical for light-duty 
engines, usually operating at low-medium loads in urban cycles, for which the 
kinetic energy of the spray is not able to drive the mixing process and the piston 
design coupled with the bulk flow motion become crucial [13]. In these 
conditions, the re-entrant bowl can effectively improve the mixing behavior due to 
the higher swirl amplification and turbulent generation [15]. Indeed, the smaller 
diameter of the bowl with respect to the cylinder amplify the rotational velocity 
due to the momentum conservation. Also, a higher squish flow intensity is 
observed that results in higher turbulent generation with respect to an open bowl 
shape [15]. Conversely, for heavy-duty diesel engines, the higher loads results in 
longer injection durations, and the mixing is driven by the spray [13]. For this 
application, an open bowl shape is commonly used, as shown in Figure 1–2 – b. 
The absence of the lip in the outer bowl rim provides a more robust piston design 
to face the high thermal loads. Also, these combustion systems are usually a 
negligible swirl ratio (quiescent), thus avoiding the need of a lip [13].  
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Figure 1–2: Scheme of the piston features. (a) Re-entrant bowl; (b) open bowl. 

 

For the optimization of the combustion process, the best coupling among 
piston design, in-cylinder flow motion and spray characteristics should be 
considered. Due to the complexity of these interactions, a wide variety of 
solutions can be reached. Nevertheless, some main parameters are generally 
considered for the piston design optimization: the piston bowl diameter, the 
reentrancy, the lip/pip shape, and the squish height [14]. For the piston design, the 
bio-inspired algorithms, such as the genetic algorithm (GA) and the particle 
swarm optimization (PSO), can be used to find the optimum design strategies 
[16,17]. Nevertheless, these techniques require many generations to reach the 
convergence, increasing the computational times. Instead, the Design of 
Experiment (DoE) approach can run different configurations in parallel, leading to 
shorter times if sufficient computing resources are used [18]. Also, the machine 
learning (ML) potentials were used for the piston optimization, providing a 
pathway to transform complex physical processes into compact information 
[19,20]. In this case, the CFD results from DoE and GA analysis can be used as 
training dataset for the ML method.  

Among the innovative piston designs, in this work the stepped-lip and radial-
bumps pistons were investigated. Additional details about the geometrical 
features, the basic principles and the available results in literatures are provided in 
the following sections. Also, in the last years, a higher degree of geometrical 
complexity was possible for piston design thanks to the recent progress in the 
Additive Manufacturing (AM) techniques [21–23]. Thanks to AM approach an 
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innovative hybrid piston was designed, combining the stepped-lip and radial-
bumps geometries. The details on the hybrid bowl are hereafter reported.   

1.2.1 Stepped-lip design  

In this piston design the protruding lip used for the re-entrant bowl was 
replaced by a chamfered lip. The basic idea is to direct the injected fuel toward the 
chamfered lip, creating two counter-rotating toroidal vortices and enhancing the 
air/fuel mixing [24]. Nevertheless, the beneficial flow structures induced by the 
stepped-lip design are strongly related to the spray targeting optimization [24]. 
Indeed, as observed by Bush et al. in [25], at partial load, a faster heat release rate 
in the late combustion phase (i.e., 50-90% of the burned mass fraction) can be 
reached only for a limited range of injection timing. An optical investigation 
through the combustion image velocimetry (CIV), highlighted a strong correlation 
between the enhanced burn rate and the formation of long-lasting toroidal vortices 
due to step geometry [26]. Also, the stepped-lip bowl can be beneficial for soot 
reduction, since the more evenly distributed fuel within the bowl and in the squish 
region increases the oxidation rate [27]. The Engine Combustion Network (ECN) 
adopted the soot natural luminosity (NL) technique for the assessment of a 
stepped-lip design [28]. This concept highlighted a strong reduction of soot NL 
with respect to the re-entrant bowl. In the last decades, one of the main 
alternatives to the conventional re-entrant bowl was represented by the stepped-lip 
combustion system [9,27,29–31] and Figure 1–3 shows the stepped-lip piston 
profiles for different OEMs. In 2011 Ricardo patented the “Twin Vortex 

Combustion System” (TVCS) [29] which features a stepped-lip design. This 
piston design showed a strong improvement of the mixing process, enabling high 
EGR tolerance for NOx control coupled with high injection pressure for soot 
reduction [32]. Also, the TVCS design has shown the potential to reach the 
emissions targets even without any aftertreatment system for a JCB 4.4L off-
highway diesel engines, as stated in [33]. In 2011, Styron et al. studied a stepped-
lip geometry for a Ford 6.7L diesel engine [30]. This design showed a significant 
improvement of the fuel consumption and the soot-NOx trade-off, under low-
speed and partial-load engine operating conditions [34]. Also, this design showed 
a reduced heat transfer losses with respect to the re-entrant bowl due to the lower 
bowl surface and the reduced flame propagation toward the liner [30]. A reduction 
in terms of heat transfer losses was also claimed by Toyota that designed a 
stepped-lip piston for a 2.8L diesel engine [31]. This heat loss reduction 
contributed to increase the fuel efficiency with respect to the re-entrant bowl. In 
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2013, the potential of the stepped-lip bowl in terms of soot reduction was also 
investigated by Doosan with its “Ultra-Low Particulate Combustion” [27]. This 
piston design was implemented in 2.4L off-road diesel engine and it was able to 
reach the emissions targets without any PM aftertreatment device. In 2016, the 
Daimler stepped-lip bowl was adopted for the Mercedes Benz OM654 2.0L diesel 
engine [35] and it was the first application of a stepped-lip design for a passenger 
car. This piston adopted an annular recess step instead of a tapered lip, enabling 
high air utilization in the squish region and reducing the heat transfer losses 
toward the cylinder wall. Therefore, a strong reduction in terms of soot and BSFC 
was reported with respect to the previous OM651 engine that implements a 
conventional re-entrant bowl.  

 

Figure 1–3: Stepped-lip piston profiles for different OEM.  

  

1.2.2 Radial-bumps design  

For low-swirl heavy-duty diesel engines, that typically feature an open bowl 
shape [14], the flame-to-flame interaction leads to lower combustion rate and 
higher soot formation [36]. This was overcome by Volvo in 2013 with the WAVE 
bowl [37], adding radial protrusions in the regions where two adjacent flames 
collide, as shown in Figure 1–4.  
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Figure 1–4: Volvo’s WAVE piston. From [38]. 

 

The WAVE bowl flame evolution was investigated through simulations and 
optical techniques by Eismark et al. in [38]. The radial bumps provide a different 
collision angle of two adjacent flames, reducing the formation of rich stagnation 
zones and enhancing the flame velocity toward the piston center in the Radial 
Mixing Zone (RMZ), as also reported in Figure 1–5. The more intense RMZ 
results in higher air mixing onto the flame front. When the RMZ detaches from 
the piston wall, the trailing edge of the flame has higher air entrainment (see 
Figure 1–5), increasing the burn rate. This improved mixing process promotes a 
higher heat release rate in the mixing-controlled combustion phase with respect to 
the re-entrant bowl, providing up to 1% thermal efficiency increment [5]. 

 

Figure 1–5: Development of the O2 field in double-sector CFD simulations of 
combustion. Left: conventional; right: WAVE. Adapted from [38]. 
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Experimental tests on a Single Cylinder Engine (SCE) were carried out over 
different partial load working points, as reported in [38]. In this work, the WAVE 
bowl showed an improved soot-NOx trade-off, leading up to 80% soot reduction 
than with a conventional bowl. Also, this concept showed a further soot reduction 
by using an oxygenated fuel, controlling the NOx level with a higher EGR rate 
[39]. Recently, an optical investigation on the WAVE bowl was carried out, 
considering different diesel-like fuels [40]. The results highlighted that there is a 
strong correlation between the fuel density and the flame-to-wall interaction. 
Although the WAVE piston showed great potentials in terms of soot and fuel 
consumption reduction for a heavy-duty application, additional investigations are 
required to assess its effect for a swirl-supported light-duty diesel engine. For this 
application, the higher swirl ratio could affect the RMZ evolution, and the higher 
reentrancy could increase the flame recirculation toward the piston center, in the 
tumbling vortex. The adoption of a radial-bumps bowl was recently investigated 
for a light-duty engine through numerical simulations [41]. This work showed an 
improved air/fuel mixing with respect to a conventional re-entrant bowl. At partial 
load, a strong improvement of the soot-NOx and BSFC-BSNOx trade-off was 
reported, leading to 50% soot reduction and 5% BSFC reduction [41]. 

1.2.3 Hybrid design 

Recently, the combination of the stepped-lip and the radial-bumps geometries 
was investigated as a further step toward the ultra-low soot emissions piston 
concept [23,42]. In these works, an innovative piston bowl design (named 
‘hybrid’) was presented, featuring both a highly re-entrant sharp-stepped bowl and 
a number of radial bumps equal to the nozzle holes in the inner bowl rim, as 
reported in Figure 1–6. 
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Figure 1–6: Top view and isometric view of the hybrid piston. Adapted from [42].  

 

Due to geometrical complexity, undercut features and durability request for a 
diesel engine application, a steel-based Additive Manufacturing (AM) technique 
was adopted. The AM oriented activity for the development of this design was 
shown in [42] and it is here briefly reported. The powder bed based Selective 
Laser Melting (SLM) technique required supports made by the same material of 
the component itself to avoid the collapse of the not self-supported features during 
the printing process. The AM design aims to reduce the number of this support, 
saving time/cost of the production and avoiding supports over unreachable areas. 
With this aim, the number of horizontal surfaces was reduced, adopting surfaces 
with 45° tilt angle. This design guideline allowed the printing of self-supporting 
walls as the inner skirt ribs and oil gallery. More in detail, the inner area of the 
piston was topologically optimized based on the different load conditions and 
constraints. Figure 1–7 – a shows the inner skirt topological optimization to 
handle the piston during the printing process and to support the combustion loads. 
Also, a lattice structure was developed for the oil gallery, as highlighted in Figure 
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1–7 – b. The open cell frame of this structure highlighted the best compromise in 
terms of light weighting and oil recirculation.   

 

 

Figure 1–7: (a) Inner skirt topology optimization; (b) oil gallery open cell lattice 
structure. Adapted from [42]. 

 

Figure 1–8 shows an overview of the AM piston printing process sequences 
and the printing direction. The piston was printed layer-by-layer from the piston 
bottom to the piston bowl surface to facilitate the post-process operations. Then, a 
stress-relieving heat treatment was done, and the piston was removed from the 
printer platform. Finally, the supports of the structure were removed, and a further 
machining was carried out to increase the piston surface finishing. 
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Figure 1–8: AM piston during the printing process. Adapted from [43]. 

 

The experimental tests on SCE showed for this innovative concept a 
significant soot reduction with any fuel consumption worsening, over different 
operating conditions [42,43]. A similar piston design was investigated by meaning 
of a single-cylinder optical access engine, providing further understanding on the 
flame evolution and soot process [44,45]. In particular, a higher flame reverse 
flow and faster late-cycle oxidation were observed with respect to a conventional 
re-entrant bowl [44]. Also, a higher soot oxidation rate in the late combustion 
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phase was highlighted, considering different engine load, fuel injection 
parameters and EGR rates [45]. Recent studies were focused on the combination 
of optical data and 3D-CFD simulations for the characterization of the flame and 
the soot formation/oxidation processes [46,47]. In this context, the simulation tool 
has the key role of virtual test rig for additional piston optimization studies, due to 
the high predictive capabilities and the reduced costs.  

1.3 Research activity workflow 

In this research activity, the performance of different piston bowl geometries 
for a 1.6L diesel engine was investigated by means of a synergetic approach based 
on both 3D-CFD simulations and experimental tests. Regarding the simulation 
methodology, an integrated and automated 1D-/3D-CFD coupling approach was 
adopted which includes a calibrated spray model and detailed chemistry. Once the 
numerical model was validated considering a conventional re-entrant bowl, two 
innovative bowl geometries were numerically investigated: a stepped-lip and a 
radial-bumps bowl. Firstly, the in-cylinder flow field and mixing process were 
investigated under non-reacting conditions for each combustion system. Then, the 
combustion simulations were carried under two different engine operating 
conditions, both at full load and part load. Additionally, a sensitivity analysis over 
different engine calibration parameters was carried out, providing further 
guidelines about the needs of the proposed designs in terms of engine calibration 
parameters, such as injection timing, swirl ratio, EGR rate and rail pressure. Once 
assessed the combustion improvement due to the stepped-lip and radial-bumps 
bowls, a further step on the combustion system optimization was carried out. To 
understand if there are synergies between these two pistons, an innovative hybrid 
piston was designed. The hybrid bowl combined a highly-reentrant sharp-stepped 
bowl and a number of radial bumps in the inner bowl rim equal to the injector 
nozzle holes. The hybrid bowl was firstly investigated through 3D-CFD 
simulations to assess the mixing and the combustion process. To maximize the 
potential benefits provided by the innovative hybrid piston bowl, a spray targeting 
optimization was carried out considering different injector protrusions and two 
swirl ratio levels. Then, the numerical results were compared against the 
experimental data coming from an optical access engine. The CIV and OH* 
chemiluminescence techniques were used for the characterization of the flame 
structure. Then, the 2-color pyrometry KL technique was adopted for the 
investigation of soot. To directly compare the numerical and experimental data, a 
numerical methodology was developed, providing an equivalent soot KL also in 
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the 3D-CFD environment. In the framework of a collaboration between PUNCH 
Torino S.p.A/ formerly General Motors Global Propulsion Systems and CNR – 
STEMS, an experimental activity was carried with a single-cylinder engine based 
on similar architecture and piston designs as the ones used in the numerical 
analysis. The results of the experimental campaign were used to experimentally 
confirm the potential benefits provided by the innovative hybrid piston bowl. 
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Chapter 2 

2Test case and methodology 

2.1 Engine test case 

The numerical analysis was carried out for a passenger car diesel engine 
whose main features are listed in Table 2–1. The engine is a 4-cylinder 
turbocharged compression ignition engine, featuring a state-of-art common rail 
fuel injection system with the latest generation of 8-hole solenoid injector with a 
maximum rail pressure of 2000 bar.  

The baseline engine implements a conventional re-entrant piston bowl as 
highlighted in Figure 2–1 – a. Then, different innovative geometries were 
investigated: the stepped-lip design (Figure 2–1 – b), the radial-bumps design 
(Figure 2–1 – c) and the hybrid design (Figure 2–1 – d) which combines both a 
recess step and radial protrusions in piston bowl rim.  

 

 

 

 



2.1 Engine test case 

 

15 
 

Table 2–1: Test engine main features. 

Cylinders # 4 

Displacement 1.6 L 

Bore x Stroke 79.7 mm x 80.1 mm 

Compression ratio 16:1 

Baseline piston type re-entrant 

Turbocharger Single-Stage with Variable 

Geometry Turbine (VGT) 

Fuel injection system Common rail 

Max Rail Pressure 2000 bar 

Maximum power 100 kW @ 4000 rpm 

Maximum torque 320 Nm @ 2000 rpm 

 

 

 

Figure 2–1: Piston bowl geometries under investigation. (a) Re-entrant; (b) stepped-lip; 
(c) radial-bumps; (d) hybrid.  
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Three different engine working points (WPs) were considered for the 
numerical analysis, as highlighted in the engine map of Figure 2–2 and on Table 
2–2. Two partial-loads engine operating conditions (WP1, WP2) were considered 
as representative of a typical type-approval driving cycle working points, while 
WP3 represent the rated power engine condition.  

 

 

Figure 2–2: Engine working points on the engine map. 

 

 

Table 2–2: Engine working points. 

 Speed [rpm] BMEP [bar] 

WP1 1500 5.0 

WP2 2000 8.0 

WP3 4000 18.5 
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2.2 1D-/3D-CFD coupling methodology 

The simulation methodology was based on 1D-/3D-CFD codes coupling, 
widely described in [48] and summarized in the block diagram of Figure 2–3. A 
1D-CFD complete engine model was built in GT-SUITE and the validation results 
can be found in [49]. It provided the time-depending boundary conditions in terms 
of pressure, temperature and chemical species at intake and exhaust ports for the 
first step of the 3D-CFD simulation which is named ‘cold flow’. This analysis was 
performed with the commercial software CONVERGE CFD and aimed to 
investigate the gas exchange process in terms of in-cylinder flow filed and 
thermodynamic conditions. The second step of the 3D-CFD analysis started at the 
Intake Valve Closure (IVC) and was the simulation of the compression stroke and 
the combustion process for a single sector of the full-cylinder geometry, centered 
along the spray axis. For the combustion simulation, a reliable injection rate 
profile was provided by a previously developed 1D-CFD injector model [50,51], 
requiring as input the rail pressure, the energizing and dwell times. Finally, the 
3D-CFD combustion results were post-processed in the GT-SUITE environment, 
guarantying the same solution methodology of the 1D-CFD complete engine 
model.  

 

Figure 2–3: Flowchart of the simulation methodology. 
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2.2.1 1D-CFD models  

The 1D-CFD complete engine model included all the subsystems as the 
turbocharger, the EGR circuit, all the pipes and volumes for the intake and 
exhaust systems. This engine model provided the boundary conditions for the 3D-
CFD simulations. More in details, the pressure, temperature and species mass 
fraction boundary conditions were imposed at the intake and exhaust ports. The 
cylinder region was initialized in terms of thermodynamic and species 
concentration during the exhaust event.  

For the injection modeling, only a limited set of experimental injection rates 
were available. Therefore, a reliable 1D-CFD model of a solenoid injector was 
built in GT-SUITE [50,51]. The injector model can predict the injection rate 
profile using as inputs the energizing time, dwell time and rail pressure.  

2.2.2 3D-CFD models  

For the 3D-CFD combustion simulation, the base grid size was equal to 0.5 
mm for all the directions. The Adaptive Mesh Refinement (AMR) based on the 
velocity and temperature sub-grid criterion [52] allowed a grid refinement of 0.25 
mm. In addition, a fixed embedding of 0.25 mm was also considered for the 
injector cone angle to properly predict the spray evolution. For the spatial 
discretization a second-order central difference scheme was selected, while the 
temporal discretization was a first order implicit Euler scheme in order to 
maintain stability. The conservation equations were solved by means of the 
Pressure Implicit with Splitting Operator (PISO) algorithm of Issa [53] and the 
Rhie-Chow scheme for pressure-velocity coupling [54]. The turbulence modeling 
was the Reynolds-averaged Navier-Stokes (RANS) based Re-Normalization 
Group (RNG) k-ε model [55] that guarantees the effects of flame-induced 
compression, expansion and rapid strain on the turbulent quantities [56]. The law-
of-walls approach with standard wall function was adopted for the assessment of 
the boundary layers [57]. Then, the turbulent heat transfer was predicted through 
the O’Rourke and Amsden model [58]. The general setting in terms of mesh, 
turbulence and heat transfer models are summarized in Table 2–3.  

The ‘blob’ injection method [59] was used for the spray model, considering a 
calibrated Kelvin Helmholtz and Rayleigh Taylor (KH-RT) model [59] for the 
breakup of droplets. A summary of the adopted spray sub-models is reported in 
Table 2–4.  
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Table 2–3: Mesh grid, turbulence and heat transfer models. 

Fixed embedding Injector spray cone angle 

Adaptive Mesh 

Refinement (AMR) 

Velocity, temperature sub-grid 

criterion [52] 

Base grid 0.50 mm 

Minimum grid 0.25 mm (AMR and fixed 

embedding) 

Turbulence model RNG k-ε model 

Heat transfer model O’Rourke and Amsden [58] 

 

Table 2–4: Spray sub-models. 

Discharge coefficient model  Cv correlation [52] 

Breakup model  Calibrated KH-RT 

Turbulent dispersion O’Rourke model [60] 

Collision model  No Time Counter (NTC) 

collision [61] 

Drop drag model  Dynamic drop drag [62] 

Evaporation model  Frossling model [60] 

Wall film model  O’Rourke [63] 
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The breakup constants of the KH-RT model, the discharge coefficient and the 
spray angle values were used as calibration parameters to match the experimental 
spray penetration curves. These experimental data were obtained from constant 
volume vessel tests carried out at the University of Perugia [64,65] for a reference 
injection whose characteristics are reported on Table 2–5. The experimental 
injector current and the injection rate profile (i.e. two pilot injections and one 
main injection) used for the spray model calibration are shown in Figure 2–4 – 
top. For the calibration of the spray model, the constant volume vessel was 
reproduced in the 3D-CFD environment. Figure 2–4 – bottom compares the 
numerical and experimental results in terms of spray penetration for the three 
injections. The comparison shows a fairly good agreement for the two pilot 
injections, while some differences can be seen for the main injection. These 
differences could be related to the momentum transfer from the liquid jet to the air 
and the possible local variations of the air density inside the test vessel for large 
injection pulses. Nevertheless, considering that the size of the baseline bowl is 
approximately equal to 25 mm and the liquid spray penetration in the real engine 
operating conditions is limited, the obtained results can be considered acceptable 
for the study.  

Table 2–5: Main characteristics of the reference injection data. 

Vessel Pressure 11.28 bar 

Vessel Temperature 20 °C 

Rail Pressure 400 bar 

ET-P2 0.215 ms 

DT-P2 0.81 ms 

ET-P1 0.21 ms 

DT-P1 0.41 ms 

ET-Main 0.32 ms 
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Figure 2–4: Top: Experimental injection current (dotted black) and hydraulic injection 
schedule (solid black). Bottom: Numerical spray penetration (red) compared with the 

experimental data (black) obtained for the conditions shown in Table 2–5. 

 

For the combustion model, the SAGE detailed chemistry approach was 
adopted, featuring the Skeletal Zeuch reaction mechanism for the oxidation of N-
Heptane (121 species, 593 reactions) [66]. Furthermore, the reaction scheme 
implements the Poly-cyclic Aromatic Hydrocarbons (PAH) soot precursor 
chemistry, allowing the Particulate Mimic (PM) soot model for the in-cylinder 
soot mass prediction [67–69]. The NOx reactions scheme is embedded in the 
reaction mechanism. Table 2–6 shows the fuel surrogate, the reaction mechanism 
and the emissions models used in this study. 
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Table 2–6: Fuel surrogate, reaction mechanism and emissions models. 

Fuel surrogate N-Heptane 

Reaction Mechanism Skeletal Zeuch [66] 

Species 121 

Reactions 593 

Soot precursor chemistry Embedded in the reaction 

mechanism 

Poly-cyclic Aromatic 

Hydrocarbons (PAH) 

(A3R5-) 

Soot model  Particulate Mimic (PM)  

NOx chemistry Embedded in the reaction 

mechanism  

 

2.3 Model validation results  

The numerical model was validated with respect to the experimental data on 
three different engine working points (see Table 2–2) for the conventional re-
entrant design. The numerical results in terms of in-cylinder pressure and Heat 
Release Rate (HRR) are compared with the experimental data for each 
investigated working point on Figure 2–5. For the partial load WP1 (see Figure 
2–5 – a), a good agreement is obtained both in terms of in-cylinder pressure and 
HRR. The combustion timing is correctly captured for all the injection events. 
Figure 2–5 – b shows the results for the partial load WP2. In this case the 
combustion duration and the ignition delay are both correctly captured by the 
numerical model. Lastly, also for the rated power operating conditions (WP3), as 
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shown in Figure 2–5 – c, the combustion of pilot and main injection with high rail 
pressure are correctly predicted.  

 

Figure 2–5: Model validation results in terms of in-cylinder pressure and Heat Release 
Rate. (a) WP1: 1500 RPM x 5.0 bar BMEP; (b) WP2: 2000 RPM x 8.0 bar BMEP; (c) WP3: 

4000 RPM x 18.5 bar BMEP.  
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The predictive capabilities of the developed numerical model were also 
assessed in terms of the main combustion parameters. Figure 2–6 shows a good 
agreement between the numerical and experimental results in terms of Peak 
pressure, CAD at Peak Pressure, 10-90% Combustion Duration and 50% of Mass 
fraction Burned (MFB50%). 

 

Figure 2–6: Model validation results. (a) Peak pressure; (b) CAD at Peak Pressure; (c) 
10-90% Combustion Duration; (d) MFB50%.  

 

As far as the pollutant emissions are concerned, Figure 2–7 – a shows the 
NOx emissions for both the numerical and experimental data. A very good match 
can be observed in terms of trend over the three engine operating conditions. 
Figure 2–7 – b highlights the comparison between the experimental Filter Smoke 
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Number (FSN) and the numerical in-cylinder soot mass at the exhaust valve 
opening. The experimental FSN trend is correctly captured by the numerical 
model. 

 

Figure 2–7: Model validation results. (a) NOx; (b) experimental FSN with respect to 
numerical soot mass.  

 

2.4 Optical engine analysis   

The experimental tests were performed on an optically accessible single 
cylinder engine, based on the same architecture as the engine used for the 
numerical analysis. The main features of the optical engine are summarized on 
Table 2–7. The stroke, bore and the cylinder head were kept equal to the original 
multi-cylinder platform. More details concerning the facility can be found in [45]. 
It is worth to note that the compression ratio of the engine is lower than the one 
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used in the simulations, since a lower position of the piston rings is required with 
respect to the conventional engine to avoid the lateral optical accesses when the 
piston is at the TDC.   

Table 2–7: Optical engine main features. 

Cylinders # 1 

Displacement 402 cm3 

Bore x Stroke 80 mm x 80.1 mm 

Compression ratio 12.5:1 (re-entrant) 

11.5:1 (hybrid) 

Valve # 4 

 

The instantaneous in-cylinder pressure was measured by means of a 
piezoelectric pressure transducer (AVL GH13P) and the signal was used for the 
calculation of the HRR. To this aim, an in-house tool which is based on the first 
law of thermodynamic was developed [70]. It is applied to the in-cylinder volume 
when the valves are closed and considers the wall heat transfer, the blow-by and 
the mechanical deformations which have a significant impact for an optical 
engine. A detailed description of the engine can be found in [71].  

The optical access was based on the use of the Bowditch piston, equipped 
with a fully transparent piston head to mimic the flow dynamics of the original 
metal engine, as shown on Figure 2–8. Two different piston geometries were 
used, as highlighted in Figure 2–9. The first one (see Figure 2–9 – left) is a 
conventional re-entrant bowl comparable with the one used in the baseline engine 
showed in Figure 2–1 – a. The second one (see Figure 2–9 – right) combines two 
different geometries: one half is the hybrid geometry adopted for the metal engine 
as shown on Figure 2–1 – d, which include both annular recess step and the radial 
bumps; the other half of the piston features only the recess step. Nevertheless, to 
reduce the interaction among the different layout which is significant in the 
periphery of the bumps region, the central sector of the radial bumps side 



2.4 Optical engine analysis 

 

27 
 

(highlighted in red on Figure 2–9) was considered for the experimental 
investigation.  

 

Figure 2–8: Optical engine representation and fully-transparent piston.  

 

 

Figure 2–9: Piston bowl geometries adopted for the optical engine. Left: re-entrant; 
right: hybrid. 

The engine load and speed were controlled by means of a Schenck electric 
dynamometer (220kW and 562nm). In addition, the test cell allowed the control of 
the intake air pressure and temperature. A screw compressor was used to 
pressurize the air which was dried and heat before reaching the intake ports, while 
a backpressure regulator was used to control the exhaust pressure. The engine was 
also equipped with settling chambers just upstream and downstream the engine to 
avoid the pressure pulses.  
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The experimental tests were carried out at 1250 RPM x 4.5 bar IMEP and due 
to the different compression ration among the investigated combustion systems 
(see Table 2–7), the intake pressure and pressures were adjusted to reach similar 
in-cylinder thermodynamic conditions for both cases, as shown in Figure 2–10. 
The differences in terms of intake pressure, intake temperature and air mass flow 
rate are highlighted on Table 2–8. Moreover, the exhaust pressure was also 
controlled to keep a constant difference of 0.2 bar with respect to the intake line.  

 

 

Figure 2–10: In-cylinder pressure (dashed line) and density (solid line) for the two 
investigated piston bowls. 

 

Table 2–8: Engine intake operating conditions. 

Piston type Intake Press.  Intake Temp. 𝒎̇𝒂𝒊𝒓  

re-entrant 1.9 bar 90 °C 7.26 g/s 

hybrid 2.1 bar 120 °C 7.55 g/s 

 

The injection strategy was the same for both the piston designs, leading to an 
engine load of 4.5 bar IMEP for both cases. The engine was operated under skip 
firing mode, injecting fuel one out of 20 cycles. In this way the fouling, the 
thermal stresses and the piston ring deterioration were minimized. As far as the 
fuel injection is concerned, the fuel was supplied by a conventional fuel pump into 
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a common rail injection system. The injector was controlled by a DRIVVEN® 
control unit, allowing complex injection strategies. In this experimental campaign, 
the injection schedule featured four injection pulses (two pilot, one main and post-
injection) with an injection pressure of 670 bar. 

2.4.1 Combustion Image velocimetry (CIV) 

The CIV technique was used to characterize the flame movement thanks to 
the in-cylinder thermal radiation images. The algorithm is similar to the one used 
for the Particle Image Velocimetry (PIV) where the in-cylinder flow is seeded 
with particles that are illuminated by an external light source (laser sheet). 
Contrarily, for CIV no external light source is required since the incandescent soot 
acts as the tracking source. This approach can be adopted even for realistic bowl 
geometries under reactive conditions where the use of the conventional PIV is not 
allowed. More in detail, the use of realistic bowl geometries provides optical 
distortions on the images and its intensity depends on the distance between the 
radiation source and the bowl surface. The realistic bowl geometries used in this 
study provide mainly an image distortion in the radial direction and this affects 
mainly the velocity magnitude rather than the velocity direction. Therefore, the 
distortion effect should be considered in this analysis. Nevertheless, since the 
bowl geometries have similar features, the distortion is expected to be 
comparable, thus guaranteeing a robust comparison between the investigated 
designs.  

The soot thermal radiation was registered by a high-speed CMOS camera 
(Photron SA-5) coupled with a Carl Zeiss Makro-Planar camera lens (100mm, 
f/2). The camera was set to record 25.000 frames per second with an exposure 
time of 6.6 μs. The image size was 512 x 512 pixels with 8.1 pixel/mm resolution, 

which was used to calibrate the CIV velocity flow fields. The pixel/mm ratio was 
obtained using as reference the outer diameter of the piston. The impossibility to 
address the distortion within the piston bowl motivated the selection of a reference 
not affected by optical deformation.  
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To obtain the instantaneous 2D velocity distributions a cross-correlation 
algorithm was used. The camera lens was set to the maximum aperture to 
guarantee enough sensitivity for the imaging system. Therefore, the depth-of-field 
is limited and when the piston is far from the TDC some blurring effect could be 
introduced. Nevertheless, since the CIV uses the soot clouds as tracer, this effect 
has no significant impact. The processing of the images was performed by means 
of PIVlab software [72]. It was applied to ensemble average images of 6 
combustion cycles to minimize the impact of cycle-to-cycle variability and to 
obtain results directly comparable with the RANS simulation data. The time 
interval between images was set to 40 μs. The main processing parameters are 

listed in Table 2–9.   

 

Table 2–9: CIV main processing parameters. 

Interrogation window 1st pass: 32px size with 16px 
steps 

2nd pass: 16px size with 8px 
steps 

Data validation - Standard deviation filter: 

𝑇ℎ𝑟𝑒𝑠ℎ = 𝑢̅ ± 8 · 𝜎𝑢 

- Local normalized median 

filter, with a threshold of 3 

and ε = 0.1 

Missing data 

interpolation 

3x3 neighborhood interpolation 

 

To directly compare the CIV resolved velocity flow field with the numerical 
results, the CFD velocity flow field was averaged along the cylinder axis, 
following the methodology described in [73]. More in detail, the average was 
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carried out considering the volume from a specific distance from the cylinder head 
and the bowl surface, thus avoiding during the injection event the spray core 
effect on the flow field. In addition, to further improve the comparison with CIV 
results, only the cylinder volume with a soot mass fraction higher than a user-
defined value was considered. With this method, only a partial distribution of the 
velocity filed was computed, limiting the comparison to the region where higher 
soot content is localized.  

2.4.2 OH* chemiluminescence  

The radiation emitted by the excited-state of OH* was used to identify the 
near-stoichiometric high-temperature reaction region. To this aim, an intensified 
ICCD camera (Andor Solis iStar DH334T-18H-83) and a Bernhard-Halle UV lens 
(100 mm, f/2) were used. This platform led to 1024 x 1024 pixels images with 
8.75 pixel/mm resolution. A bandpass filter was used in front of the camera to 
eliminate the radiation emitted by other sources. The filter had a transmission 
spectrum centered at 310 nm with 20 nm full width half maximum. The radiation 
was registered at 6 different crank angle degrees during the combustion process 
with an acquisition rate equal to 1 frame per cycle. The optical setup for the CIV 
and OH* analysis can be highlighted in Figure 2–11.  

 

Figure 2–11: Optical setup for CIV and OH* analysis. Left: isometric view; right: top 
view. 
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The evolution of OH radicals was also analyzed thought CFD simulations and 
compared with the experimental OH* chemiluminescence images. With this aim, 
the numerical OH mass fraction (yOH) planar distribution over the whole 
computational domain was evaluated. Firstly, the yOH was traced and then each 
cell-value was averaged over the cylinder axis by means of Eq. 2–1:  

 yOH
i,j

=
1

N
∑ yOH

i,j,k

N

k=1

 Eq. 2–1 

where i, j, k represent the location of each cell in terms of x, y, z and N 
represents the total number of cell along the cylinder axis (z-axis) with not null 
yOH

i,j,k
. 

2.4.3 Optical soot density (KL) 

Then 2-color pyrometry technique (2C) was used to evaluate the optical soot 
density (KL). It is based on the use of thermal radiation emitted by soot cloud at 
two different wavelengths. The spectrum of the thermal radiation emitted by a 
black body is described by the Planck’s law of Eq. 2–2: 

 𝐼𝑏,𝜆 =
𝐶1

𝜆5 [𝑒(
𝐶2
𝜆·𝑇

) − 1]
 Eq. 2–2 

where Ib,λ is the monochromatic intensity of radiation of a black body, C1 = 
1.1910439·10-16 W·m2/sr and C2 = 1.4388·10-2 m·k are the first and second 
Planck’s constants, λ is the wavelength and T is the temperature of the emitting 
source. However, the real source has a lower intensity of radiation (Iλ) than a 
black body at the same temperature. To account for this, Eq. 2–2 is modified, 
introducing the emissivity (ε) as shown in Eq. 2–3: 

 𝐼𝜆 = 𝜀 · 𝐼𝑏,𝜆 Eq. 2–3 

For the soot particles, the emissivity can be expressed by the Hottel and 
Broughton empirical correlation [74] that is represented by Eq. 2–4: 
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 𝜀𝑠𝑜𝑜𝑡(𝐾𝐿, 𝜆) = 1 − 𝑒−(𝐾𝐿/𝜆𝛼) Eq. 2–4 

where λ must be expressed in μm and α = 1.39 for most fuels within the 

visible range [75]. The KL is the optical soot density and denotes all the soot 
along the optical path. This parameter is directly linked to the soot volume 
fraction. The previous set of equations can be applied to the soot radiation at two 
different wavelengths to extract the soot temperature and the KL. To this aim, the 
apparent temperature (Ta,λ) was introduced as the temperature of a blackbody that 
emits the same radiation intensity of a non-blackbody at a different temperature 
and at a given wavelength [76]. Therefore, the measured intensity of radiation at 
each wavelength (Iλ,meas) can be evaluated as the radiation which is emitted by a 
blackbody at the corresponding Ta,λ, following the Eq. 2–5: 

 
𝐼𝜆,𝑚𝑒𝑎𝑠 =

𝐶1

𝜆5 (𝑒
𝐶2

𝜆𝑇𝑎,𝜆 − 1)

 
Eq. 2–5 

By substituting Eq. 2–2, Eq. 2–4, Eq. 2–5 into Eq. 2–3, the KL factor can be 
computed by the following Eq. 2–6: 

 𝐾𝐿 = − ln  {1 − 𝑒𝑥𝑝 [−
𝐶2

𝜆
(

1

𝑇𝑎,𝜆
−

1

𝑇
)]}

𝜆𝛼

 Eq. 2–6 

The KL is independent of the wavelength, therefore two equations with the 
same forms as Eq. 2–6 can be written to evaluate the temperature of the soot 
surface, as highlighted in Eq. 2–7: 

 

{1 − 𝑒𝑥𝑝 [−
𝐶2

𝜆1
(

1

𝑇𝑎,𝜆1

−
1

𝑇
)]}

𝜆1
𝛼

=  {1 − 𝑒𝑥𝑝 [−
𝐶2

𝜆2
(

1

𝑇𝑎,𝜆2

−
1

𝑇
)]}

𝜆2
𝛼

 

Eq. 2–7 

Once determined the temperature T, the KL was computed from Eq. 2–6.  
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The radiation emitted by the soot was detected by two identical system as 
highlighted in Figure 2–12. The radiation comes from the piston bottom which is 
the main optical access, and it is reflected by a 45 degrees mirror toward a beam 
splitter. The mirror splits the incident radiation by reflecting half of it towards the 
detection system 1 and transmitting the other half towards the system 2. Both 
system 1 and system 2 were composed by a high-speed CMOS camera (Photron 
SA-5), equipped 100 mm focal length lens with f/2 aperture (Carl Zeiss Makro-
Planar). A 50 nm narrowband bandpass filter was placed in front of each lens to 
register only the radiation at a specific wavelength. Their transmission band was 
centered at 550 and 660 nm respectively, with +/- 10 nm full width half 
maximum. The cameras were triggered through the start of energizing, and both 
were synchronized to ensure the frame-to-frame correspondence. The acquisition 
rate was set at 25.000 fps for both the systems. However, a different exposure 
time was set for each system to maximize the used dynamic range: 10.05 μs was 

utilized for the 550 nm radiation while 6.65 μs was set to register 660 nm 

radiation. The image size was 512 x 512 pixels, with 8.1 pixel/mm resolution. A 
tungsten-ribbon calibration lamp (Osram Wi17G) was used to transform the 
digital signal from the cameras into intensity of radiation. To this aim, following 
the procedure described in [77], the calibration lamp was located on top of the 
piston (flat area) and the radiation was registered using the same optical set-up as 
the experiments.  

 

Figure 2–12: Optical setup for soot KL analysis.   

 

To compare the optical 2D soot density KL with the numerical 3D soot 
distribution, a line-of-sight (LOS) integration methodology was used. With this 
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approach an interpretation of the third dimension along the optical depth was 
assessed, providing a 2D distribution even for the numerical results. Two different 
approaches were investigated. The first is based on the product of soot volume 
fraction (fv) and the LOS path length (L), representing a quantitative measure of 
soot along the optical depth [78]. Thanks to the detailed kinetic mechanism and 
the PM soot model, the fv distribution within the computational domain was 
assessed. Then, to obtain the fvL planar distribution, the integration over the LOS 
was performed as highlighted in the Eq. 2–8: 

 (𝑓𝑣𝐿)𝑖,𝑗 = ∑(𝑓𝑣𝐿)𝑖,𝑗,𝑘

𝑁

𝑘=1

 Eq. 2–8 

where i, j, k represent the location of each cell in terms of x, y, z, L is the cell 
vertical length and N represents the total number of cell along the LOS 
computational columns, as shown in Figure 2–13.  

 

Figure 2–13: LOS computational column. 

 

Although this quantity can be easily computed, the experimental fvL is not 
directly measurable. Therefore, a further methodology based on LOS integration 
was employed to obtain an equivalent 2-color pyrometry method in the 3D-CFD 
environment, as shown in [79]. The 2-color pyrometry algorithm was adopted to 
extract the numerical soot-KL, by computing the bi-dimensional distribution of 
the monochromatic intensity of radiation (Iλ) for the same wavelengths (λ) 
adopted in the experimental analysis (550 and 660 nm). To this aim, the KL was 
computed for each cell of the computational volume through the Eq. 2–9, as 
suggested by the Kamimoto et al in [76]: 
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 𝐾𝐿 = 6𝜋 𝐸(𝑚)𝑓𝑣𝐿 Eq. 2–9 

where fv and L are the soot volume fraction and the vertical length of each 
computational cell, respectively. E(m) is linked to the complex refractive index of 
soot particles (m) that is a function of the wavelength, but it can be considered 
constant in the visible spectra range [76]. In this work, E(m) = 0.245 was adopted, 
as also reported in [79] for a similar investigation on optical engine. By using the 
temperature and the KL of each computational cell, the Iλ was computed by 
means of Eq. 2–2, Eq. 2–3 and Eq. 2–4. Then, for each column of cells as shown 
in Figure 2–14, the line-of-sight integration of Iλ was carried out, providing an 
interpretation of the vertical direction (cylinder axis) and providing a bi-
dimensional distribution of Iλ. In this work, a homogeneous composition for the 
computational cell was assumed and only the soot was involved in the light 
transfer process, thus considering the surrounding gas fully transparent [79]. 
Moreover, assuming that the detector was at a sufficient distance from the 
emitting source, only the radiation emitted along the vertical direction can be 
considered [79]. In the radiation transfer process, only a part of the soot radiation 
passes through the domain. The fraction of the transmitted light was estimated by 
the soot transmissivity (τλ), following the Kirchhoff’s law [80] and neglecting 
scattering, as the complement of the soot emissivity: 

 𝜏𝜆 = 1 − 𝜀𝜆 Eq. 2–10 

The scheme and equations for the line-of-sight integration method are shown 
in Figure 2–14. Considering the light reflection induced by the cylinder head, a 
set of equations was defined for the two vertical direction: the upward direction 
from the piston to the head and the downward direction from the head to the 
piston. The intensity of radiation emitted by each cell-k along the upward (Iλ,k↑) 
and downward (Iλ,k↓) directions can be expressed by the sum of two contributions: 
the radiation emitted by the cell itself (Iλ,k) and the radiation transmitted from the 
adjacent cell, that is affected by the soot transmissivity. Considering the cell 
adjacent to the cylinder head, the radiation emitted in the upward direction is 
reflected by the wall with a certain reflectivity (ρ

wall
). By integrating the equations 

first upward and then downward, the Iλ,out for the two wavelengths was evaluated 
at the piston surface. Finally, following the 2-color pyrometry technique 
previously presented, the KL factor was computed also for the 3D-CFD 
environment. 
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Figure 2–14: Scheme and equations for LOS computation.
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Chapter 3 

3Stepped-lip and radial-bumps bowl 
designs 

Part of the work described in this Chapter was also previously published in 
the following publications:  

• Millo, F., Piano, A., Roggio, S., Bianco, A. et al., “Numerical 

Investigation on Mixture Formation and Combustion Process of 
Innovative Piston Bowl Geometries in a Swirl-Supported Light-Duty 
Diesel Engine,” SAE Int. J. Engines 14(2):247-262, 
2021, https://doi.org/10.4271/03-14-02-0015. 

• Millo, F., Piano, A., Roggio, S., Pesce, F.C., Vassallo, A., Bianco, A., 
“Numerical Assessment on the Influence of Engine Calibration 

Parameters on Innovative Piston Bowls Designed for Light-Duty 
Diesel Engines,” Energies, 15(10):3799, 2022, 

https://doi.org/10.3390/en15103799.  

 

3.1 Introduction 

Once assessed the predictive capabilities of the numerical model for the 
conventional re-entrant bowl, two innovative designs were numerically 
investigated: the stepped-lip and the radial-bumps bowls. The stepped-lip bowl 

https://doi.org/10.4271/03-14-02-0015
https://doi.org/10.3390/en15103799
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was designed following the geometrical features highlighted in [29]. Then, 
considering as basis the re-entrant bowl, a radial-bumps geometry was designed, 
adding a number of radial bumps equal to the injector nozzle holes in the outer 
bowl rim, as also shown in [37]. Both the proposed designs feature the same bore, 
squish height and compression ratio (i.e. 16:1) adopted for the re-entrant bowl. 
Figure 3–1 shows the piston bowl geometries numerically investigated. 

 

 

Figure 3–1: Piston bowl geometries under investigation. Left: re-entrant; middle: 
stepped-lip; right: radial-bumps. 

In the first part of this chapter, the in-cylinder flow field and mixing process 
were investigated under non-reacting conditions for each combustion system. To 
this aim, the full cylinder geometry was investigated at rated power engine 
operating conditions (WP3). Then, a sector-mesh of the cylinder geometry was 
adopted for the combustion simulation under two different engine operating 
conditions: WP3 and the partial load WP1. Additionally, a sensitivity analysis 
over different engine calibration parameters was carried out, providing further 
guidelines about the needs of the proposed designs in terms of engine calibration. 
In this regard, at full load (WP3), the injection timing and the swirl ratio 
sensitivity were performed. Then, under the partial load WP1, different EGR rates 
at two rail pressure levels were assessed, showing the potential benefits in terms 
of efficiency and pollutant emissions. 
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3.2 3D-CFD analysis 

3.2.1 Mixing-only analysis  

The impact of the combustion system on the in-cylinder flow field and on the 
mixing process was assessed through numerical non-reacting simulation of the 
full cylinder geometry. The full load engine operating condition (WP3) was 
considered for the scope, since the more intense in-cylinder velocity magnitude 
can enhance the formation of turbulent structures. The results in terms of swirl 
ratio (SR) and turbulent kinetic energy (TKE) for each investigated combustion 
system are shown in Figure 3–2. 

 

Figure 3–2: Swirl ratio (top) and TKE (bottom) evolutions for the analyzed combustion 
systems. WP3: 4000 RPM x 18.5 bar BMEP. 

 

Regarding the SR evolution of Figure 3–2 – top, reduced differences can be 
observed during the compression stroke until the Start of Injection (SOI) of the 
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pilot event. The radial-bumps bowl shows the lowest SR due to the radial bumps 
that break the swirling flow. Going toward the Top Dead Center (TDC), the 
stepped-lip bowl shows a lower swirl amplification. This is due to the lower 
squish area and the divergent tapered lip that reduces the squish flow intensity, as 
also reported in [81]. At TDC, the radial-bumps bowl shows the lowest swirl 
amplification although it has the same squish area of the re-entrant bowl. In this 
case, the swirl reduction is mainly due to the radial bumps that break the swirling 
flow. Also, the lower swirl leads to higher spray momentum transfer, causing a 
swirl collapse during the expansion stroke. Moreover, the interaction between the 
swirling flow and the radial bumps provides the highest TKE during the 
compression stroke and the main injection event, as highlighted in Figure 3–2 – 
bottom. Contrarily, the stepped-lip bowl shows lower TKE than the re-entrant 
bowl, since the reduced squish area (lower squish flow) results in lower turbulent 
enhancement on the bowl lip [15]. In addition, for a conventional re-entrant bowl, 
the flow separation at the bowl lip [82] and the reverse squish flow [83] can 
further increase the turbulent generation.   

The velocity distribution and the equivalence ratio distribution were analysed 
to understand the impact of different piston design on the mixing process. To this 
aim, three different planes were selected to show the results, as depicted in Figure 
3–3. The plane A is a vertical plane centred along a single spray axis and it is 
placed between the intake and the exhaust valves to avoid the valve pockets and 
the glow plug interactions. The plane B and plane C are defined cutting two 
adjacent sprays located in the exhaust side, in the horizontal and in the spray axes 
directions, respectively.  
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Figure 3–3: Planes selected to represent the numerical results and stoichiometric iso-
surface at TDC. 

 

The in-cylinder flow evolution was investigated in the plane A and plane B, 
considering the time before the injection event (Figure 3–4) and after the TDC, 
during the injection event (Figure 3–5). In particular, the analysis shows the 
velocity vectors tangential component contained in the selected cutting planes 
(named hereafter ‘projected velocity’), with uniform size and coloured according 

to the projected velocity magnitude.  

Figure 3–4 – a highlights the squish flow before the start of the injection 
event, at -23 CAD aTDC. The piston bowl geometry strongly affects the intensity 
of the squish flow. The re-entrant and the radial-bumps bowls highlight a more 
intense squish flow with respect to the stepped-lip bowl due to the higher squish 
area. Regarding Figure 3–4 – b, the swirling flow for the re-entrant and the 
stepped-lip bowls is still retained. Contrarily, the radial-bumps design attenuates 
the swirling flow due to the radial bump geometry. In particular, a flow separation 
is shown in the bump tip which enhances the turbulent intensity and a low 
velocity region (stagnation zone) can be observed for the gas within two 
consecutive bumps.  
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Figure 3–4: Velocity vectors at -23 CAD aTDC colored according to the magnitude of 
the projected velocity on the selected plane A (a) and plane B (b). Left: re-entrant; middle: 

stepped-lip; right: radial-bumps. WP3: 4000 RPM x 18.5 bar BMEP. 

 

During the injection event at +5 CAD aTDC, the influence of the piston 
design on the flow structures becomes more evident, as highlighted in Figure 3–5. 
As shown for the plane A of Figure 3–5 – a, the re-entrant bowl shows a toroidal 
vortex due to the spray-wall impingement and the piston motion, with a negligible 
fraction of the injected fuel that goes toward the squish area. Contrarily, the 
stepped-lip bowl leads to the fuel splitting at the step, resulting in two counter 
rotating toroidal vortices, as shown by the two black arrows. The radial-bumps 
bowl, although it features the same bowl curvature of the re-entrant bowl, leads to 
a more intense toroidal vortex due to the reduced interaction between the fuel jet 
and the swirling flow caused by the stagnation zone previously described. 
Regarding the plane B of Figure 3–5 – b, high differences can be observed over 
the piston designs. The flow structure is still swirl supported for both the re-
entrant and the stepped-lip bowls. On the contrary, the radial-bumps bowl 
strongly affects the swirling flow due to the bumps that break the swirl vortex. 
Moreover, the swirl flow moves the spray-wall impingement toward a higher 
curvature region close to the radial bumps. Therefore, the jet is redirected toward 
the consecutive sector, driving to the formation of an intense turbulent 
recirculating zone, as shown by the black arrow.  
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Figure 3–5: Velocity vectors at +5 CAD aTDC colored according to the magnitude of 
the projected velocity on the selected plane A (a) and plane B (b). Left: re-entrant; middle: 

stepped-lip; right: radial-bumps. WP3: 4000 RPM x 18.5 bar BMEP. 

 

The mixture formation process was investigated during the injection event on 
the cutting plane A and plane C of Figure 3–3. The equivalence ratio distribution 
during the main injection event, at +5 CAD aTDC, is shown on Figure 3–6. 
Regarding the plane A of Figure 3–6 – a, the re-entrant bowl shows the fuel jet 
that is mainly directed within the bowl, while only a small portion of the fuel jet 
propagates toward the squish area due to the reverse squish flow. For the stepped-
lip bowl the fuel jet is more evenly distributed above the step and within the bowl, 
leading to higher air utilization in the squish area and thus enhancing the air/fuel 
mixing rate, as also shown in [84]. The radial-bumps bowl provides faster fuel 
propagation toward the bowl center due to the more intense toroidal vortex, 
previously highlighted. Considering the plane C (spray axes plane) of Figure 3–6 
– b, different jet surface fluctuations can be observed due to the interaction 
between the exhaust valves and the fuel sprays, for all the piston geometries under 
investigation. Both the re-entrant and the stepped-lip bowls show a tangential fuel 
jet propagation on the piston surface enhanced by the swirl motion. However, for 
the stepped-lip bowl a reduced jet-to-jet interaction is highlighted due to the fuel 
split that leads to higher upward jet velocity above the step. Regarding the radial-



3.2 3D-CFD analysis 

 

45 
 

bumps bowl, the jet-to-jet interaction is strongly reduced and the fuel jet is 
redirected by the bump toward the adjacent sector, where available oxygen is 
placed. Therefore, this fuel jet recirculation promotes faster air/fuel mixing onto 
the jet front. 

 

 

Figure 3–6: Equivalence Ratio contour plot at +5 CAD aTDC on the selected plane A 
(a) and plane C (b). Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 

RPM x 18.5 bar BMEP. 

 

The equivalence ratio distribution was also assessed during the late phase of 
the injection event at +15 CAD aTDC, as shown in Figure 3–7. For the stepped-
lip bowl, the spray-wall impingement occurs above the step surface and the fuel 
jet mainly propagates toward the cylinder head, leading to a poor air utilization 
within the bowl, as highlighted in Figure 3–7 – a. Considering the spray axes 
plane of Figure 3–7 – b, the jet-to-jet interaction for the radial-bumps bowl is still 
the main difference with respect to the re-entrant bowl. In particular, the 
recirculating flow on the bumps continues its evolution and a more evident jet-to-
jet interaction near the bump tip appears, thus creating a more pronounced radial 
mixing zone.  
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Figure 3–7: Equivalence Ratio contour plot at +15 CAD aTDC on the selected plane A 
(a) and plane C (b). Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 

RPM x 18.5 bar BMEP. 

 

To further understand the piston bowl effect on the mixing process, a global 
index of the air/fuel mixing was defined on the basis of the equivalence ratio 
distribution within the combustion chamber. To this aim, at each crank angle, the 
total cylinder mass was binned by equivalence ratio into twenty intervals, starting 
from 0-0.1 bin which corresponds to the pure ambient gas and ending to 1.9-2 bin 
which is representative of the injected fuel mass. The resulting cylinder mass for 
each bin was divided by the total cylinder mass providing the cylinder mass 
fraction for each bin. Then, this quantity was plotted on a bar chart and collecting 
all the bar charts for each crank angle, a contour plot was defined, as shown in 
Figure 3–8. The equivalence ratio bins in the range 0.1-1 provide an index of the 
air/fuel mixing rate: high cylinder mass fraction within this range represents a 
higher air utilization. Before TDC, no significant variations can be observed over 
the investigated piston bowl designs, since the air/fuel mixing mainly occurs due 
to the fuel jet free propagation. From 0 to +10 CAD aTDC, both the stepped-lip 
and the radial-bumps designs highlight a higher cylinder mass fraction within the 
0.1-1 equivalence ratio bin, thus leading to a higher mixing rate. At this stage, the 
stepped-lip bowl improves the air utilization due to the fuel splitting at the step, 
while the radial-bumps bowl improves the mixing rate due to the fuel jet 
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recirculation across the bumps. From +5 CAD aTDC, during the late phase of the 
main injection event, the stepped-lip bowl provides a reduced air/fuel mixing rate 
with respect to the radial-bumps bowl. Indeed, for the stepped-lip bowl the 
cylinder mass fraction is distributed in a smaller equivalence ratio range with high 
cylinder mass fraction in the 0.2-0.4 bin. This reduction in the air/fuel mixing rate 
is mainly due to the not favourable fuel split at the step, as shown in Figure 3–7. 
Conversely, the radial-bumps bowl highlights a continuous increment of the 
mixing rate, as denoted by the spreading of the cylinder mass fraction toward the 
stoichiometric range. This result appears even more evident going toward the end 
of injection, where the radial-bumps bowl highlights the peak of the cylinder mass 
fraction in the stoichiometric range.  

 

Figure 3–8: Cylinder mass fraction evolution for each equivalence ratio bin (top) and 
injection rate profile (bottom). Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 

4000 RPM x 18.5 bar BMEP. 

 

3.2.2 Combustion analysis   

Once assessed the mixing process for each combustion system under 
investigation, the combustion analysis was performed, following the simulation 
methodology previously reported in the Simulation Setup section. Figure 3–9 
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shows the results in terms of heat release rate (HRR) and cumulative heat release 
(HR) under the full load engine operating conditions (WP3).  

 

Figure 3–9: Top: Heat Release Rate and injection rate profile; bottom: Cumulative Heat 
Release. WP3: 4000 RPM x 18.5 bar BMEP. 

 

Considering the HRR of Figure 3–9 – top, the premixed combustion phase is 
not sensibly affected by the piston bowl design.  Moving toward the TDC, some 
differences can be highlighted: the re-entrant bowl shows a reduced HRR with 
respect to the other piston bowls. At this stage, the combustion evolution is 
dramatically affected by the flame-to-wall and the flame-to-flame interactions 
which reduce the mixing rate onto the flame front, as also reported in [38]. As 
reported in Figure 3–6, under non-reacting conditions the re-entrant bowl 
highlights the strongest jet-to-jet interaction, and this effect becomes even more 
intense during the combustion due to the higher turbulence level. From 0 to +5 
CAD aTDC, the combustion results confirm what was expected by the mixing 
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analysis. Indeed, both the stepped-lip and the radial-bumps bowl show a higher 
HRR with respect to the re-entrant bowl due to the faster air/fuel mixing rate. 
From +5 CAD aTDC to EOI, the stepped-lip bowl leads to lower HHR and HR 
than with the radial-bumps bowl. Indeed, as already observed in non-reacting 
conditions, the stepped-lip bowl provides a lower mixing rate due to unfavourable 
fuel split on the step. This result is also confirmed in [34], where the unbalanced 
fuel split on the step showed a detrimental effect on the combustion efficiency, 
especially at high load and high speed conditions. Conversely, the radial-bumps 
design shows the highest HRR in mixing-controlled combustion phase due to the 
more intense air/fuel mixing rate, as confirmed by Figure 3–8. After the EOI of 
main event, the re-entrant bowl leads to a comparable HR than with the stepped-
lip bowl, reaching similar 10-90 combustion duration, due to the higher swirl ratio 
that efficiently mixes the residual fuel. In conclusion, keeping constant the 
injected fuel, the higher HRR for the radial-bumps bowl provides a 3.3% brake 
power increment with respect to the re-entrant bowl. Instead, for the stepped-lip 
bowl, a negligible delta brake power (0.3%) is obtained with respect to the re-
entrant bowl.  

At partial load (WP1), an investigation on soot evolution was carried out to 
understand the effect of different combustion systems on the soot formation and 
oxidation processes. The results of the detailed PM model in terms of soot mass 
and net soot formation rate are highlighted in Figure 3–10. After the EOI of main 
event, the radial-bumps bowl leads to lower soot mass with respect to the re-
entrant and the stepped-lip bowls. Indeed, minimizing the flame-to-flame 
interaction and enhancing the air/fuel mixing result in a strong reduction of the net 
soot formation rate, as highlighted in   Figure 3–10 – bottom. For the stepped-lip 
bowl, during the after-injection burn-out, the soot mass and its net formation rate 
are higher than with the re-entrant bowl. However, moving ahead in the 
combustion process, the burn-out of the residual rich zones has a fundamental 
impact on soot oxidation rate [36]. At this stage, the stepped-lip bowl highlights 
the higher soot oxidation rate, resulting in a comparable engine-out soot emission 
than with the radial-bumps bowl.  
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Figure 3–10: Soot PM model results for the nominal EGR rate. Top: In-cylinder Soot 
mass; bottom: Net formation rate of in-cylinder soot mass. WP1: 1500 RPM x 5.0 bar BMEP. 

 

To further investigate the piston bowl impact on soot emission, the in-cylinder 
soot mass evolution was analysed. To this aim, the mass of the computational 
domain was divided depending on the soot mass density of each cell and 
considering as reference the maximum soot density obtained with the re-entrant 
bowl. The in-cylinder mass with a soot density in the range 20-40% of the 
maximum value (bin 1) was considered as representative of the low soot density 
class, while the in-cylinder mass with a soot density in the range 60-80% of the 
maximum value (bin 2) was selected to show the high soot density class. Figure 
3–11 shows the bin 1 (blue) and bin 2 (red) soot-density iso-surfaces at the three 
different crank angle degrees highlighted in Figure 3–10.  

 

θ1 θ2 θ3
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Figure 3–11: Bin 1 (blue) and bin 2 (red) soot density iso-surfaces. The liquid fuel is 
represented by the black parcels. Left: re-entrant; middle: stepped-lip; right: radial-bumps. 

WP1: 1500 RPM x 5.0 bar BMEP. 

 

At θ1 = +10 CAD aTDC 

Figure 3–11 – a shows the soot density distribution after the EOI of main 
event. Both the re-entrant and the stepped-lip bowls provide an intense high soot 
density region in the sector periphery due to the flame-to-flame interaction. 
Contrarily, the radial-bumps bowl minimizes this effect and lower soot density 
can be observed in the sector periphery. In addition, the more intense tumbling 
vortex, as highlighted on Figure 3–5, moves the flame and therefore the bin 2 
high soot density region toward the piston center, where the available oxygen will 
improve the soot oxidation.  

At θ2 = +20 CAD aTDC 

Figure 3–11 – b shows the effect of the after-injection burn-out on soot 
evolution. The re-entrant bowl shows a partial oxidation of the high soot density 
zone, while in the stepped-lip bowl the flame is directed above the step where the 
after-injection combustion mainly occurs. Moreover, due to the higher bowl 
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curvature, the flame recirculation within the bowl interacts with the after-injection 
flame on the spray axis, thus leading to higher bin 2 soot formation. For the 
radial-bumps bowl, both the after-injection combustion and the faster flame 
motion toward the piston center leads to a significant soot oxidation process and 
the bin 2 region is fully oxidized. 

At θ3 = +25 CAD aTDC 

As outlined in Figure 3–11 – c, moving ahead in the cycle, all the combustion 
systems can oxidize the bin 2 high soot density region. More in detail, the 
stepped-lip bowl shows a significant improvement of the soot oxidation rate, as 
previously observed in Figure 3–10. Although the after-injection above the step 
leads to higher soot formation in the squish region, the fuel previously injected 
within the bowl finds more available oxygen which helps the soot oxidation, as 
also noted in [84]. Moreover, the higher bowl curvature enhances the upward 
velocity of the flame within the bowl, leading to a higher mixing rate with respect 
to the re-entrant bowl. 

 

3.2.3 Trade-offs 

At partial load WP1, the combustion systems sensitivity in terms of engine-
out emissions and fuel consumption was performed over an EGR sweep. The 
EGR rate was modified by varying the gas species concentration, thus keeping 
constant the volumetric efficiency, and analyzing only the dilution and thermal 
effects. To keep constant the engine load, the main injection energizing time was 
varied. Figure 3–12 shows the trade-offs over the EGR sweep: Brake Specific 
Soot (BSSoot) versus Brake Specific NOx (BSNOx) is on Figure 3–12 – left, 
while Brake Specific Fuel Consumption (BSFC) versus BSNOx is on Figure 3–
12 – right.  The trade-offs were normalized with respect to the baseline engine 
configuration (i.e., nominal EGR – re-entrant bowl). Both the stepped-lip and the 
radial-bumps bowls show an improved BSSoot-BSNOx trade-off with respect to 
the re-entrant bowl. At baseline BSNOx, a 40% and 50% BSSoot reduction is 
reached by the stepped-lip and radial-bumps bowls, respectively. Concerning the 
BSFC-BSNOx trade-off, no significant improvement can be assessed for the 
stepped-lip bowl. Contrarily, the radial-bumps bowl shows a strong reduction of 
BSFC (-5%) at baseline BSNOx, providing an unusual but desirable flatness in 
the trade-off over the EGR sweep. Therefore, the beneficial flow motion induced 
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by the radial bumps is not affected by the EGR rate, confirming that the main 
driver is the improved mixing process induced by the combination of radial 
bumps and swirl motion, as reported in [41]. 

 

Figure 3–12: EGR sweep: normalized trade-offs with respect to baseline engine 
configuration. Left: BSSoot-BSNOx trade-off; right: BSFC-BSNOx trade-off. WP1: 1500 

RPM x 5.0 bar BMEP. 

 

3.3 Engine calibration parameters 

3.3.1 Start of injection sensitivity 

The injection timing has a fundamental role to maximize the potentials of a 
bowl design since the injection timing affects the spray targeting thus leading to 
different spray-wall interaction. Therefore, at rated power conditions (WP3), a 
sensitivity on the start of injection (SOI) was carried out, keeping the injected fuel 
mass constant. To this aim, three different SOI were assessed: the nominal SOI 
for the re-entrant bowl (baseline) and +5/+10 CAD with respect to the baseline 
SOI. The SOI sweep results were reported in terms of mass fraction burned data 
(CA 10, 50, 75, 90) in Figure 3–13 – a.  

As expected, the initial combustion phase is not affected by the bowl design 
variation, as highlighted by the CA10 data over the SOI sweep. Then, the 
innovative bowl geometries start to affect the combustion process in the mixing-
controlled combustion phase, as shown by the CA50 which is slightly advanced 
for both the stepped-lip and the radial-bumps bowls. The differences become even 
more evident in terms of CA75, and both the innovative designs (stepped-lip and 
radial-bumps) provide advanced combustion with respect to the re-entrant bowl 

EGR EGR
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for each investigated SOI. During the late phase of combustion, the piston designs 
provide a different behavior depending on SOI. The CA90 data for the re-entrant 
bowl are quite constant by changing the SOI. Contrarily, the stepped-lip bowl 
highlights a strong increment of CA90 by retarding the SOI, as also 
experimentally assessed in [25]. Indeed, in the late injection phase, the spray-wall 
impingement occurs above the step, providing lower air utilization within the 
bowl. For the radial-bumps bowl, the highest difference at the baseline SOI with 
respect to the re-entrant bowl can be observed. By retarding SOI, the deviation 
from the CA90 of the re-entrant bowl is reduced. Therefore, the radial protrusions 
in the outer bowl rim provide higher benefits when the optimal spray targeting is 
adopted.  

 

Figure 3–13: SOI sweep results. (a) Mass fraction burned data; (b) CA50-90; (c) ISFC 
normalized with respect to baseline engine configuration (bowl: re-entrant; SOI: base). WP3: 

4000 RPM × 18.5 bar BMEP. 
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To further understand the injection timing sensitivity, the duration of the last 
phase of the mixing-controlled combustion, represented by CA50-90, was 
investigated as shown in Figure 3–13 – b. The radial-bumps bowl provides lower 
CA50-90 than with the re-entrant bowl for each SOI under investigation. 
However, the higher deviation from the re-entrant bowl can be highlighted for the 
baseline SOI, suggesting once again that a proper spray targeting is required to 
maximize the radial bumps benefits. For the stepped-lip bowl, retarding SOI leads 
to higher combustion duration with respect to the other designs due to the 
unbalanced fuel split at the step. Figure 3–13 – c shows the ISFC normalized with 
respect to the baseline engine configuration (i.e., baseline SOI – re-entrant bowl). 
The radial-bumps bowl with the baseline SOI shows the lowest ISFC, leading to -
3% reduction with respect to the re-entrant bowl. This result is comparable with 
the outcome of an experimental activity for a similar bowl design in a heavy-duty 
diesel engine application [5]. In this work, up to +1% of thermal efficiency was 
obtained over different high-load engine operating conditions. For the stepped-lip 
bowl at the baseline SOI, a ISFC reduction of 1% was assessed. Nevertheless, by 
retarding SOI, the stepped-lip bowl provides a worsening of the ISFC with respect 
to the re-entrant bowl, confirming the crucial role of the fuel split for an efficient 
combustion.  

3.3.2 Swirl ratio sensitivity 

The swirl ratio effect on the piston bowl design has been previously reported 
under non-reacting conditions for the full-cylinder geometry. Then, to further 
understand the swirl impact on the combustion process, a swirl ratio at the IVC 
equal to zero was imposed, zeroing the velocity components perpendicular to the 
cylinder axis. The HRR and the cumulative HR for each swirl ratio under 
investigation (i.e., nominal and zero) are shown in Figure 3–14. For each piston 
design under investigation, the zeroed swirl ratio provides a reduced air/fuel 
mixing during the pilot injection event, reducing the over-leaning of the fuel jet 
and leading to more intense pilot combustion. Due to this effect, the premixed 
combustion intensity of the main injection is reduced. Among the piston bowls 
under investigation, the stepped-lip bowl is the less affected by the swirl ratio 
variation due to the more open geometry and the main flow structures are the 
toroidal vortices in the cylinder axis plane. Contrarily, the cumulative HR for the 
re-entrant and the radial-bumps bowls is strongly affected by the swirl ratio. More 
in detail, the HR with the re-entrant bowl start to be affected by the different swirl 
ratio after the EOI. At this stage, the zeroed swirl ratio reduces the air/fuel mixing 
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of the residual fuel on the late cycle, leading to slower combustion and thus 
reducing the cumulative HR. For the radial-bumps bowl, the HRR is significantly 
reduced during the injection event in the case of null swirl ratio. Therefore, also 
the radial-bumps bowl requires a higher swirl ratio to increase the air/fuel mixing 
rate.  

 

 

Figure 3–14: Swirl ratio results. Top: Heat release rate and injection rate; bottom: 
cumulative heat release. Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 

RPM × 18.5 bar BMEP. 

 

To further understand the swirl ratio impact for each piston bowl under 
investigation, the equivalence ratio distribution was analyzed. To this aim, two 
cutting planes were selected to show the numerical results (the spray axis plane 
and the cylinder axis plane), while the 1500 K isoline was selected as 
representative of the flame front. Figure 3–15 and Figure 3–16 highlight the 
equivalence ratio distribution for the nominal swirl ratio and the zeroed swirl 
ratio, respectively.  
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Figure 3–15: Nominal swirl ratio: equivalence ratio contour plot on the spray axis and 
cylinder axis planes. Black line: the constant temperature at 1500 K. (a) 0 CAD aTDC; (b) 20 

CAD aTDC. Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 RPM × 
18.5 bar BMEP. 

 

Figure 3–16: Zeroed swirl ratio: equivalence ratio contour plot on the spray axis and 
cylinder axis planes. Black line: the constant temperature at 1500 K. (a) 0 CAD aTDC; (b) 20 

CAD aTDC. Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 RPM × 
18.5 bar BMEP. 
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At TDC considering the nominal swirl ratio of Figure 3–15 – a, the stepped-
lip and the radial-bumps bowls show a reduced flame-to-flame interaction with 
respect to the re-entrant bowl. Indeed, the stepped-lip bowl reduces the flames 
collision thanks to the higher flame velocity upward above the step. Interestingly, 
the radial-bumps bowl provides not only a reduced flame-to-flame interaction but 
also a different flame propagation along the bowl surface. The swirling flow leads 
an asymmetrical spray-wall interaction, and the fuel is driven by the bump toward 
the consecutive sector, where the available oxygen increases the air/fuel mixing. 
Instead, regarding the zeroed swirl ratio of Figure 3–16 – a, a symmetric spray-
wall interaction can be observed for all the piston bowls, providing a more intense 
radial-mixing zone (RMZ) especially for the re-entrant and the radial-bumps 
bowls. However, the behavior of the RMZ for the radial-bumps bowl is strongly 
affected by the geometry of the bump, as also noted in [38]. The bumps lead the 
fuel jets toward the cylinder center where the available oxygen enhances the 
air/fuel mixing. Nevertheless, this recirculation is intense only in the upper-bump 
region, while in the bottom-bump region the tumbling vortex is the main flow 
structure thanks to the high bowl reentrance, as highlighted in Figure 3–5. 
Therefore, the radial-bumps bowl leads to a more effective air/fuel mixing with 
the nominal swirl ratio due to the beneficial flow structures enabled by the 
combination of the swirling flow and the bump geometry. At +20 CAD aTDC, 
after the EOI of main event, the global air/fuel mixing for the re-entrant bowl is 
strongly affected by the swirl ratio. Figure 3–15 – b shows for the nominal swirl 
ratio an almost homogeneous equivalence ratio near the stoichiometric range, 
while with the zeroed swirl ratio (Figure 3–16 – b) the fuel rich zones are still 
present. Hence, the residual fuel is slowly oxidized, and this results in lower HRR 
in the late cycle as observed in Figure 3–14. Considering the stepped-lip bowl, 
the equivalence ratio distribution within the bowl is similar for both the swirl 
ratios. Indeed, for this piston design the air/fuel mixing is mainly guided by the 
fuel split on the step and this is slightly affected by the swirl ratio. Consequently, 
the HRR in the late cycle is comparable for the two different swirl ratios. For the 
radial-bumps bowl, the combination of high swirl ratio and the bumps still play a 
crucial role in the air/fuel mixing, providing a more homogenous mixture in the 
late cycle with respect to the zeroed swirl ratio case.   
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Figure 3–17: Equivalence ratio bins distribution for nominal and null swirl ratio at +20 
CAD aTDC. Left: re-entrant; middle: stepped-lip; right: radial-bumps. WP3: 4000 RPM × 

18.5 bar BMEP. 

 

To highlight the swirl ratio impact on the combustion process, at +20 CAD 
aTDC the total cylinder mass was divided by the equivalence ratio into ten 
intervals, as highlighted in Figure 3–17. For all the piston bowls under 
investigation, the nominal swirl ratio provides the mode of the distribution closer 
to the stoichiometric range, suggesting faster combustion process. However, the 
radial-bumps bowl highlights the highest sensitivity to the swirl ratio, resulting in 
a strong increment of the cylinder mass fraction in the 0.8-1.2 equivalence ratio 
range under the nominal swirl ratio.  

3.3.3 EGR and rail pressure sensitivity 

At the partial load WP1, different EGR rates and rail pressure levels were 
investigated. Three EGR rates were adopted: the baseline EGR for the re-entrant 
bowl and +/-5%. The EGR rate was varied by changing the gas species 
concentration at the IVC. Then, for each EGR rate, two rail pressure were 
considered: the baseline value and +50%. The injection profile for the higher rail 
pressure was obtained thanks to the injector model developed in [25,26]. For each 
investigated calibration, the engine load was kept constant by controlling the 
energizing time of the main injection. Figure 3–18 shows the EGR and rail 
pressure sensitivity in terms of ISFC, Indicated Specific NOx (ISNOx) and soot. 
All the results are normalized with respect to the baseline engine configuration 
(i.e., re-entrant bowl – nominal EGR – nominal rail pressure). Figure 3–18 – a 
shows under nominal EGR and rail pressure a reduced ISFC for the stepped-lip 
and the radial-bumps bowl with respect to the re-entrant bowl (-1% and -4%, 
respectively). Then, going toward higher EGR rate, a further ISFC reduction can 
be observed for both the stepped-lip and the radial-bumps bowls, thus suggesting 
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higher EGR tolerance thanks to the enhanced mixing process. As previously 
assessed, the radial-bumps bowl leads to higher HRR and the resulting higher 
temperature provides higher NOx as shown in Figure 3–18 – b. However, thanks 
to higher EGR tolerance, a further increase on the EGR rate can be used to control 
NOx. Regarding the soot emissions of Figure 3–18 – c, both the stepped-lip and 
the radial-bumps bowls highlight an impressive soot reduction, -40% and -60% at 
baseline EGR, respectively. Moreover, the radial-bumps bowl shows a flat trade-
off over the EGR sweep, thus confirming that a higher EGR can be adopted for 
NOx control without any soot penalties. After the EGR sensitivity, the rail 
pressure was increased of +50% with respect to the nominal condition and the 
results are reported in Figure 3–18 with dashed lines. As expected, by increasing 
the rail pressure the ISFC is further improved due to the higher premixed 
combustion. Nevertheless, the radial-bumps bowl with the baseline rail pressure 
still shows lower ISFC with respect to the other bowls with higher rail pressure. 
Additionally, the enhanced premixed combustion provides higher flame 
temperature, resulting in higher NOx formation. However, the radial-bumps bowl 
shows the lowest NOx increment with respect to the baseline rail pressure. 
Considering the soot emissions, the higher rail pressure provides a strong soot 
reduction thanks to the improved spray atomization that mitigates the soot 
formation. It is worth to note that at baseline EGR, the re-entrant bowl with higher 
rail pressure leads to comparable soot than with the radial-bumps bowl at baseline 
rail pressure. Therefore, the soot reduction reached by increasing the rail pressure 
with the re-entrant bowl can be also obtained for the radial-bumps bowl due to the 
improved mixing, thus limiting any losses due to the higher power demand of the 
high-pressure fuel pump.  



3.3 Engine calibration parameters 

 

61 
 

 

Figure 3–18: EGR and rail pressure sweep. (a) ISFC; (b) ISNOx; (c) soot normalized 
with respect to baseline engine configuration. WP1: 1500 RPM × 5.0 bar BMEP. 
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Chapter 4 

4Hybrid bowl design 

Part of the work described in this Chapter was also previously published in 
the following publications:  

• Millo, F., Piano, A., Roggio, S., Bianco, A. et al., “Numerical 

Assessment of Additive Manufacturing-Enabled Innovative Piston 
Bowl Design for a Light-Duty Diesel Engine Achieving Ultra-Low 
Engine-Out Soot Emissions,” SAE Int. J. Engines 15(3):2022, 
https://doi.org/10.4271/03-15-03-0022.  

• Millo, F., Piano, A., Roggio, S., Pastor, J.V. et al., “Mixture formation 

and combustion process analysis of an innovative diesel piston bowl 
design through the synergetic application of numerical and optical 
techniques,” Fuel, 2022, 309:122144, 

https://doi.org/10.1016/j.fuel.2021.122144.  
• Piano, A., Roggio, S., Millo, F., García, A. et al., “Numerical and 

optical soot characterization through 2-color pyrometry technique for 
an innovative diesel piston bowl design”, Fuel, 2023, 333:126347, 

https://doi.org/10.1016/j.fuel.2022.126347. 
 

4.1 Introduction 

In order to understand the potential synergies between the stepped-lip and the 
radial-bumps designs, an innovative piston bowl proposal was designed, named 

https://doi.org/10.4271/03-15-03-0022
https://doi.org/10.1016/j.fuel.2021.122144
https://doi.org/10.1016/j.fuel.2022.126347
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‘hybrid’. It combines an annular recess step and a number of radial bumps equal 

to the injector nozzle holes in the inner bowl rim. The proposed combustion 
system features the same bore and squish height of the re-entrant bowl, while a 
reduced compression ratio (i.e 15:1) was considered. The adoption of lower 
compression ratio for the new combustion system was proposed by the supplier as 
enabler for a lightweight yet high-power density engine and for the improvement 
of the engine-out emissions [85]. The 15:1 compression ratio was selected as best 
balance between rated power, emissions and cold startability requirements. 
Figure 4–1 – right shows the hybrid piston bowl under investigation.  

 

Figure 4–1: Piston bowl geometries under investigation. Left: re-entrant; right: hybrid. 

 

In the first part of the chapter, the in-cylinder flow field and the mixing 
process were investigated under non-reacting conditions. To this aim, the full 
cylinder geometry was assessed at the partial load engine working point 1500 
RPM x 4.6 bar of Indicative Mean Effective Pressure (IMEP). Then, the sector 
mesh was adopted for the combustion simulations under the three different engine 
working points highlighted in Table 2–2. The combustion analysis was carried 
out keeping the engine calibration parameters adopted for the conventional re-
entrant design, thus highlighting only the effect of a novel piston design on the 
combustion process. Then, to maximize the potential benefits provided by the 
innovative hybrid piston bowl, a spray targeting optimization was carried out 
considering different injector protrusions and two swirl ratio levels. In the last part 
of the chapter, the 3D-CFD results were compared with experimental data 
obtained from an optical access engine based on the same engine architecture. 
With this aim, the Combustion Image Velocimetry (CIV) and OH* 
chemiluminescence techniques were adopted for the characterization of the flame 
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structure. Then, the numerical soot distribution was compared with the 2-colour 
pyrometry optical soot density (KL). For the purpose, two numerical 
methodologies were designed as previously discussed in the chapter ‘2.4 Optical 

engine analysis’. It is worth noting that just a qualitative comparison between 3D-
CFD and experimental results was performed due to the intrinsic differences in 
terms of engine layout (i.e., metal engine vs optical engine). Indeed,  the piston 
used for the optical access engine showed lower heat transfer due to lower quartz 
heat conductivity, and higher mechanical deformation [71]. Moreover, the optical 
engine was affected by a not negligible blow-by which was instead not modeled 
in the 3D-CFD environment. 

4.2 3D-CFD analysis 

4.2.1 Mixing-only analysis  

The effect of the piston bowl design on the in-cylinder flow field and the 
mixing process was investigated through non-reacting simulations of the full-
cylinder geometry. With this analysis the spray/wall interaction was investigated, 
avoiding the combustion influence on the turbulent structures. Figure 4–2 shows 
the evolution of the swirl ratio and the injection rate profile for the piston bowls 
under investigation.  

 

Figure 4–2: Swirl ratio and injection rate profile for the analyzed combustion systems. 
Engine operating condition: 1500 RPM x 4.6 bar IMEP. 
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Near the TDC, the re-entrant bowl shows higher swirl amplification than the 
hybrid design. This is due to the combined effect of the stepped-lip and radial-
bumps bowls. Indeed, on one side the reduced squish area for the hybrid design 
(see Figure 4–1) provides a lower squish flow and thereby lower swirl 
amplification, as previously observed in Figure 3–4. On the other side, the radial 
bumps break the swirling flow, thus reducing its intensity. To further understand 
the radial bumps impact on the swirl motion, the velocity field was assessed at the 
Start of Injection (SOI) on a plane Z cutting the radial bumps in the upper region. 
Figure 4–3 shows at -14 CAD aTDC the component of the velocity vectors that is 
tangential to the plane Z (called ‘projected velocity’), with uniform size and 
colored according to the projected velocity magnitude. 

 

Figure 4–3: Velocity vectors at -14 CAD aTDC colored according to the magnitude of 
the projected velocity on the selected plane Z. Left: re-entrant; right: hybrid. Engine operating 

condition: 1500 RPM x 4.6 bar IMEP. 

 

The flow field for the re-entrant bowl is governed by the swirl motion, while 
for the hybrid bowl is strongly affected by the bump geometry. The turbulence 
level is enhanced by the flow separation occurring on the bump tip, while a 
reduction of velocity can be observed in the stagnation zone between two 
consecutive radial bumps. Then, the piston bowl effect on the flow field was also 
investigated after the EOI of main event for three different horizontal planes, 
parallel to the cylinder head, as highlighted in Figure 4–4. The plane Z1 refers to 
the step region, while both the plane Z2 and Z3 refers to the radial bump region, 
in the upper and bottom part, respectively.  
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Figure 4–4: Planes selected to represent the numerical results. 

 

The projected velocity in the selected planes at +5 CAD aTDC is shown in 
Figure 4–5. Considering the plane Z1, the flow motion is swirl supported for both 
the piston bowls under investigation, as reported in Figure 4–5 – a. In addition, 
the jet-to-jet interaction with the hybrid bowl is minimized due to the spray split 
on the step, which reduced the jet tangential propagation and redirects the jet 
above the step. For the plane Z2 of Figure 4–5 – b, the radial bumps impact on 
the flow field is clearly visible. The hybrid design remarkably affects the swirling 
flow, breaking its organized macro structures between two consecutive bumps. 
Near the bump tip, the high jet momentum is redistributed as vortices over the 
bump profile and consequently, the jet-to-jet interaction is reduced with respect to 
the re-entrant bowl. For the plane Z3 of Figure 4–5 – c, two counter rotating 
vortices can be observed due to the jet-to-jet interaction. Instead, the bottom-
bump curvature for the hybrid design results in higher fuel jet propagation 
towards the piston center. Nevertheless, due to the swirling flow, the spray/wall 
interaction occurs asymmetrically close to the bump region.  
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Figure 4–5: Velocity vectors at +5 CAD aTDC colored according to the magnitude of 
the projected velocity on the selected cutting planes Z1 (a), Z2 (b) and Z3 (c). Left: re-entrant; 

right: hybrid. Engine operating condition: 1500 RPM x 4.6 bar IMEP. 

 

The piston bowl impact on the mixing process was analyzed thanks to the 
equivalence ratio distribution after the EOI of main event, at +5 CAD aTDC, as 
shown in Figure 4–6. Firstly, the vertical plane passing through the spray axis and 
the cylinder axis (Cylinder axis plane of Figure 4–4) was considered as reported 
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in Figure 4–6 – a. The hybrid bowl highlights a more intense tumbling vortex that 
drives the fuel jet toward the bowl center. Considering the plane Z1 of Figure 4–6 
– b, the re-entrant bowl shows a more intense jet-to-jet interaction in the step 
region. In the upper region of the bump (plane Z2 of Figure 4–6 – c), the radial 
bumps for the hybrid design minimize the jet-to-jet interaction and the fuel jet is 
driven into the consecutive sector, as highlighted by the black arrow. This results 
in higher air/fuel mixing onto the jet front due to the available oxygen present in 
the region. The different fuel jet evolution can be also observed in the bottom 
region of the bump (plane Z3 of Figure 4–6 – d). In this zone, for the hybrid bowl 
the jet propagation toward the piston center is remarkably enhanced, as confirmed 
by the higher fuel concentration within the black circle. Therefore, the available 
oxygen located in the piston center improves the air/fuel mixing into the jet front.  

The equivalence ratio distribution was also investigated during the post 
injection event, at +10 CAD aTDC, as shown in Figure 4–7. During the post 
injection, the more intense tumbling vortex for the hybrid bowl drives the fuel jet 
toward the bowl center. This effect is clearly visible for the vertical plane of 
Figure 4–7 – a and the plane Z1 of Figure 4–7 – b. Moving to the upper region of 
the bump (plane Z2 of Figure 4–7 – c), the re-entrant bowl highlights the merging 
of two adjacent fuel jets that reduces their propagation toward the dome. Instead, 
the radial bumps of the hybrid design can keep the two adjacent jets separate, thus 
avoiding extremely fuel rich zones. Therefore, a reduced air/fuel mixing rate is 
expected for the re-entrant bowl during the late phase of the injection. 
Considering the bottom region of the bump (plane Z3 of Figure 4–7 – d), both the 
piston bowls highlight the higher fuel concentration near the piston center, but for 
the hybrid bowl the fuel rich cloud is reduced due to the higher tumbling vortex.  
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Figure 4–6: Equivalence Ratio contour plot at +5 CAD aTDC on the selected cutting 
planes: vertical plane (a), Z1 (b), Z2 (c) and Z3 (d). Left: re-entrant; right: hybrid. Engine 

operating condition: 1500 RPM x 4.6 bar IMEP. 
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Figure 4–7: Equivalence Ratio contour plot at +10 CAD aTDC on the selected cutting 
planes: vertical plane (a), Z1 (b), Z2 (c) and Z3 (d). Left: re-entrant; right: hybrid. Engine 

operating condition: 1500 RPM x 4.6 bar IMEP. 
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For the global characterization of the mixing process, the mixing rate index 
already described in Figure 3–8 was used. More in detail, the total cylinder mass 
was binned by equivalence ratio in twenty intervals from 0.0 to 2.0, where the 0.1-
0.2 bin represents the intake flow (pure ambient gas combined with EGR), while 
the 1.9-2 bin corresponds to the injected fuel mass. Then, the cylinder mass 
fraction for each bin was traced on bar chart and a contour plot was designed 
collecting all the bar charts for each crank angle, as outlined in Figure 3–8. 
Finally, to better identify the difference between the re-entrant and the hybrid 
bowls, the cylinder mass fraction delta (cylinder mass fractionhybrid – cylinder 
mass fractionre-entrant) was assessed, as reported in Figure 4–8. After the EOI of 
main event, from +5 CAD aTDC, the hybrid bowl leads to faster air/fuel mixing. 
Indeed, a negative delta is highlighted in the rich equivalence ratio bins (1-1.9), 
while a positive delta is shown in the 0.2-0.8 equivalence ratio bins, close to the 
global average value 0.5. Similar results are highlighted after the EOI of post 
injection, from +10 CAD aTDC. The hybrid bowl shows a negative delta for both 
the intake flow composition (0.1-0.2 bin) and the equivalence ratio bins 1.2-1.9. 
This is due to the enhanced air/fuel mixing rate that results in higher positive delta 
in the equivalence ratio bins 0.2-0.8, close to the global average value 0.5. 

 

Figure 4–8: Cylinder mass fraction difference between hybrid and re-entrant bowls. 
Engine operating condition: 1500 RPM x 4.6 bar IMEP. 
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4.2.2 Combustion analysis   

Once assessed the mixing process, the combustion system effect on the 
combustion evolution was carried out. With this aim, the HRR and the injection 
rate profile for the three different WPs highlighted in Table 2–2 were considered. 
Figure 4–9 shows the HRR for the full load engine operating conditions (WP3). 
From -20 to -5 CAD aTDC, during the free jet development, the piston bowl 
geometry does not affect the combustion and the HRR are comparable. Going 
toward the TDC, the hybrid bowl highlights a more intense HRR with respect to 
the re-entrant bowl, due to the improved air/fuel mixing process. Close the EOI, 
the HRR become again comparable, due to the higher fuel concentration that goes 
above the step of the hybrid design, resulting in lower air utilization within the 
bowl. Then, in the late cycle the re-entrant bowl shows higher HRR than with the 
hybrid design due to the higher residual fuel to be burned.  

 

Figure 4–9: Heat Release Rate and injection rate profile. WP3: 4000 RPM x 18.5 bar 
BMEP. 

 

For a deeper investigation of the combustion process, the equivalence ratio 
distribution was assessed during the main injection event, as shown in Figure 4–
10 for the three horizontal planes defined in Figure 4–4. In this case, a two-sector 
representation was chosen to better highlight the radial bump region. Focusing on 
the step region (plane Z1 of Figure 4–10 – a), the hybrid bowl shows a reduced 
flame-to-flame interaction, since the fuel jet redistribution above the step reduces 
the tangential velocity of the flame over the bowl surface. For the upper bump 
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region (plane Z2 of Figure 4–10 – b), the radial bumps strongly mitigate the 
flame-to-flame interaction and simultaneously drive the flame toward the 
consecutive sector, where a high oxygen concentration is present, as highlighted 
by the black dashed arrow. This effect improves the air entrainment onto the 
flame front and thereby the combustion rate, as observed in the HRR of Figure 4–
9. Going to the bottom bump region (plane Z3 of Figure 4–10 – c), the re-entrant 
bowl shows a strong interaction between the two adjacent flames, thus limiting 
the oxidation rate. Instead, for the hybrid design the adjacent flames appear well 
separated by the radial bumps and the surrounding oxygen can be efficiently 
mixed, thus leading to a faster combustion process. 
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Figure 4–10: Equivalence Ratio contour plot at TDC on the selected cutting planes Z1 
(a), Z2 (b) and Z3 (c). Black line: isoline at constant temperature equal to 1500K. Left: re-

entrant; right: hybrid. WP3: 4000 RPM x 18.5 bar BMEP. 

 

The combustion process was also investigated under partial load engine 
operating conditions (WP1 of Table 2–2) and the HRR for each piston design is 
shown in Figure 4–11. The re-entrant bowl shows a higher premixed main 
combustion close to the TDC. Indeed, the higher swirl ratio for the re-entrant 
bowl (as highlighted in Figure 4–2), reduces the intensity of the flame 
impingement on the bowl surface. The resulting improved air entrainment 
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enhances the combustion rate. However, after the EOI of main event, the re-
entrant bowl shows a reduced combustion rate due to the higher flame-to-flame 
interaction. During the after injection burn-out, the hybrid design highlights a 
higher HRR thanks to the fuel slit on the step that increases the fuel concentration 
in the squish region, enhancing the air utilization as also observed in [84].  

 

Figure 4–11: Heat Release Rate and injection rate profile. WP1: 1500 RPM x 5.0 bar 
BMEP. 

 

Once assessed the combustion behavior, the impact of piston design on the 
soot formation/oxidation process was investigated thanks to the PM soot model. 
The results of the model in terms of soot mass and net soot formation rate are 
reported in Figure 4–12. After the EOI of main event, the hybrid design shows a 
reduced net soot formation rate which results in lower soot mass with respect to 
the re-entrant design. This is due to the reduced flame-to-flame interaction and the 
improved air utilization enabled by the hybrid design. Going ahead in the 
combustion, from the EOI of after event to +35 CAD aTDC, during the burn-out 
of the residual rich zones, the hybrid design shows a strong increment of the soot 
oxidation rate with respect to the re-entrant bowl. A deeper investigation on the 
in-cylinder soot mass distribution was also carried out. To this aim, the 
computational domain was divided in bins depending on the soot mass density of 
each cell, as already described for Figure 3–11. Specifically, the bin 1 is 
representative of region with low soot density, while the bin 2 represents the high 
soot density region. Figure 4–13 shows the bin 1 (blue) and bin 2 (red) soot-
density iso-surfaces at the two crank angle degrees, 𝜃1and 𝜃2 (+10 and +25 CAD 
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aTDC), highlighted in Figure 4–12. At 𝜃 = 𝜃1, after the EOI of main event 
(Figure 4–13 – a), the re-entrant bowl highlights a wider red zone into the 
periphery of the sectors due to the flame-to-flame interaction that increases the 
soot formation. Contrarily, the hybrid design mitigates this effect, and a lower 
soot density can be observed in the periphery of the sectors. Instead, the highest 
soot content is localized in the centre region between two consecutive radial 
bumps. In addition, the fuel split on the step promotes the combustion in the 
squish region where a cloud of low soot density can be observed. Late in the 
combustion, at 𝜃 = 𝜃2, the high soot density zones are fully oxidized for both the 
piston bowls, as highlighted in Figure 4–13 – b. Nevertheless, the re-entrant bowl 
shows a higher soot mass within the bowl. For the hybrid design, the radial bumps 
promote a faster flame recirculation toward the available oxygen in the cylinder 
centre. Also, the soot mass above the step previously formed is fully oxidized. 
Therefore, the combination of the radial bumps and the step leads to a stronger 
soot mass oxidation for the hybrid design.  

 

Figure 4–12: Soot PM model results. Top: In-cylinder Soot mass; bottom: Net formation 
rate of in-cylinder soot mass. WP1: 1500 RPM x 5.0 bar BMEP. 

θ1 θ2
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Figure 4–13: Bin 1 (blue) and bin 2 (red) soot density iso-surfaces. Left: re-entrant; 
right: hybrid. WP1: 1500 RPM x 5.0 bar BMEP. 

 

The combustion and soot emission analysis were also carried out at the WP2 
of Table 2–2. Figure 4–14 shows the HRR for each piston design under 
investigation. As already observed for WP1, near the EOI of main event, when the 
flame-wall and flame-to-flame interactions are crucial for the combustion process, 
the hybrid bowl highlights a more intense HRR than with the re-entrant bowl. 
Also, for WP2 the difference in terms of HRR becomes even more evident due to 
the increased injected mass.  
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Figure 4–14: Heat Release Rate and injection rate profile. WP2: 2000 RPM x 8.0 bar 
BMEP. 

 

The retarded injection timing and the higher after injection mass with respect 
to WP1 could impact the soot oxidation process, therefore a further investigation 
on soot evolution was carried out. Figure 4–15 shows the soot mass and net soot 
formation rate for each bowl under investigation. After the EOI of main event, the 
hybrid bowl shows a reduced soot due to the lower net soot formation rate. 
Nevertheless, the soot attenuation is lower with respect to the WP1, since the 
higher injected mass after the TDC leads to higher fuel concentration above the 
step, where a more intense soot formation is expected. Going ahead in the 
combustion, from +15 to +30 CAD aTDC, different behavior can be observed 
between the two piston designs. The re-entrant bowl shows a continuous reduction 
in terms of net soot formation rate. Conversely, the hybrid design provides a 
double steps trend of the net soot formation rate. In the first step, the soot 
oxidation is balanced by the higher soot formation due to the after-injection 
combustion, thus leading to a stable net soot formation rate. In the second step, 
the net soot formation rate decreases, reaching similar value than with the re-
entrant bowl.  
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Figure 4–15: Soot PM model results. Top: In-cylinder Soot mass; bottom: Net formation 
rate of in-cylinder soot mass. WP2: 2000 RPM x 8.0 bar BMEP. 

 

The soot density distribution was also investigated, as already described for 
WP1. Figure 4–16 reports the low soot density (bin 1) and high soot density (bin 
2) iso-surfaces at two crank angle degrees, 𝜃1and 𝜃2, highlighted in Figure 4–15. 
As already observed for WP1, after the EOI of main event (𝜃 = 𝜃1), the re-entrant 
bowl promotes higher soot formation in the periphery of the sectors due to the 
flame-to-flame interaction. Instead, for the hybrid design two different regions 
with high soot density can be observed. On one side, the higher tumbling vortex 
shifts the flame toward the cylinder center, thus leading to higher air entrainment. 
On the other side, the fuel split on the step increases the fuel concentration above 
the step, thus resulting in higher soot formation in the squish region. This 
behavior is more evident than with WP1 due to the higher injected mass after the 
TDC. During the combustion of the after injection (𝜃 = 𝜃2), the piston bowls 
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shows different behavior. For the re-entrant bowl, the after injection impingement 
with piston bowl rim, thus limiting its propagation in the squish region and an 
intense soot formation is observed in the jet periphery (see the black dashed 
circles). For the hybrid bowl, the enhanced flame recirculation toward the piston 
center leads to a strong interaction between the flame and the after injection spray 
core, increasing the soot formation and providing the stable phase of the net soot 
formation rate (see Figure 4–15 – bottom). However, the after injection goes 
above the step (see the black dashed circle) and its combustion increases the local 
temperature, thus promoting a faster soot oxidation in the squish region.  

 

 

Figure 4–16: Bin 1 (blue) and bin 2 (red) soot density iso-surfaces. Left: re-entrant; 
right: hybrid. WP2: 2000 RPM x 8.0 bar BMEP. 
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4.2.3 Trade-offs 

At partial load engine operating conditions (WP1, WP2), the combustion 
systems sensitivity in terms of engine-out emissions and fuel consumption was 
performed over an EGR sweep. The injection strategy (i.e., energizing time, dwell 
time and rail pressure) was unchanged and equal to the baseline calibration, over 
the EGR sweep. Figure 4–17 reports the soot-BSNOx and the BSFC-BSNOx 
trade-offs for the WP1. The results are normalized with respect to the baseline 
configuration, which is the re-entrant bowl with nominal EGR rate. The hybrid 
bowl leads to a flatness in the soot-BSNOx trade-off that allows a strong soot 
reduction even with high EGR for NOx control. At the baseline BSNOx, the 
hybrid design provides 70% soot reduction with respect to the re-entrant bowl, 
confirming the great potential on soot reduction thanks to the combination of the 
step and the radial bumps. Focusing on the BSFC-BSNOx trade-off, similar trends 
are highlighted for the two investigated piston bowls. At nominal EGR, the hybrid 
bowl provides less than 1% BSFC reduction. However, the improved mixing for 
the hybrid bowl allows an increment of the EGR with a negligible BSFC 
increment (less than 1%). Figure 4–18 shows the soot-BSNOx and the BSFC-
BSNOx trade-offs for the WP2. Even for this engine operating condition, the 
hybrid bowl provides a significant improvement of the soot-BSNOx trade-off. At 
baseline BSNOx, a 70% soot reduction is reached together with a slight 
improvement of the BSFC (-1%). 



Hybrid bowl design 

 

82 
 

 

Figure 4–17: EGR sweep: normalized trade-offs with respect to baseline configuration. 
Top: Soot-BSNOx trade-off; bottom: BSFC-BSNOx trade-off. WP1: 1500 RPM x 5.0 bar 

BMEP. 
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Figure 4–18: EGR sweep: normalized trade-offs with respect to baseline configuration. 
Top: Soot-BSNOx trade-off; bottom: BSFC-BSNOx trade-off. WP2: 2000 RPM x 8.0 bar 

BMEP. 

 

4.2.4 Spray targeting optimization  

To maximize the potential benefits thanks to the hybrid bowl, a spray 
targeting optimization was carried out by varying the injector protrusion. For this 
analysis, the baseline engine calibration in terms of boost pressure, EGR rate and 
injection parameters was considered. Additionally, two different swirl ratios (SR) 
were investigated, the baseline SR and half of the baseline SR. Figure 4–19 
shows the four injector protrusions under investigation: the nominal protrusion 
that is equal to the one adopted for the re-entrant bowl (0), 1mm and 2mm below 
(-1, -2), and 1mm above (+1) the nominal position. The optimization of the spray 
targeting was performed at the rated power conditions (WP3 of Table 2–2), and 
then validated at the partial load (WP1).  

EGR

EGR
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Figure 4–19: Injector protrusions for spray targeting optimization. 

 

Figure 4–20 shows the soot-BSNOx and BSFC-BSNOx trade-offs for the 
WP3. The results are normalized with respect to the baseline engine configuration 
that is the re-entrant bowl with nominal protrusion and SR. At the nominal SR, the 
hybrid design shows a strong sensitivity to the injector protrusion especially in the 
soot-BSNOx trade-off. In particular, the nominal protrusion leads to the highest 
soot reduction with respect to the re-entrant bowl (-40%). Then, moving to 
different protrusions results to higher soot, due to the unbalanced fuel split on the 
step. This effect also reduces the mixing-controlled combustion phase, thus 
leading to higher BSFC. Instead, considering the nominal protrusion (0) a 2% 
BSFC reduction is reached with respect to the re-entrant bowl. Halving the SR, 
the soot-BSFC sensitivity is reduced, as well as the NOx emissions. Even for this 
SR, the nominal protrusion provides the best result in terms of soot and BSFC. 
Nevertheless, with the halved SR, the hybrid design provides 2 times higher soot 
and +3% BSFC with respect to the re-entrant bowl. This suggests that the hybrid 
bowl requires higher SR to increase the air/fuel mixing and thus the combustion 
rate.   
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Figure 4–20: Injector protrusion sensitivity for two swirl ratio levels: normalized trade-
offs with respect to the baseline configuration. Top: Soot-BSNOx trade-off; bottom: BSFC-

BSNOx trade-off. WP3: 4000 RPM x 18.5 bar BMEP. 

 

To better understand the injector protrusion sensitivity on the combustion 
process, a fuel rich mass index was designed as the cylinder mass with an 
equivalence ratio higher than 1.5 divided by the total cylinder mass, following the 
Eq. 4–1. Then, the cylinder rich mass fraction provides an index of the soot 
emission formation due to the rich mixture combustion.  

 Cylinder rich mass fraction=
Cylinder mass

equiv ratio>1.5

Cylinder mass
 Eq. 4–1 
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This index was evaluated for two different computational volume: the whole 
combustion chamber and the volume below the horizontal plane cutting the step at 
TDC, as shown by the blue volume of Figure 4–21. By means of this volume’s 

definition, quantitative information on the fuel split were evaluated. The results of 
the analysis are shown in Figure 4–23, for the three crank angle degrees during 
the injection event highlighted in Figure 4–22.   

 

Figure 4–21: ‘Below the step’ volume defined as the volume below the horizontal plane 

cutting the step at TDC. 

 

 

Figure 4–22: Injection Rate profile and crank angle degrees for injector protrusion 
sensitivity. WP3: 4000 RPM x 18.5 bar BMEP. 

 

At TDC (Figure 4–23 – a), the total cylinder rich mass is comparable for each 
injector protrusion, thus suggesting a similar air/fuel mixing rate although the 
different fuel split on the step. Instead, a significant variation of the cylinder rich 
mass below the step is observed by varying the injector protrusion. As shown in 
Figure 4–20, the highest soot and BSFC reduction are obtained with the nominal 
injector protrusion, where the optimal fuel split is observed: 50% of total cylinder 
rich mass is below the step. At +5 CAD aTDC, the -2 and -1 injector protrusions 
show a higher cylinder rich mass that is mainly located below the step. Therefore, 
the higher fuel concentration within the bowl promotes the soot formation, while 

θ1 θ2 θ3
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the reduced air utilization in the squish region decreases the combustion rate. The 
+1 injector protrusion, even without the optimal fuel split, shows a total cylinder 
rich mass that is comparable with the nominal injector protrusion, thus suggesting 
a similar oxidation rate. Near the EOI, at +15 CAD aTDC, the differences among 
the tested injector protrusions are more evident. The -2 and -1 injector protrusions 
show a remarkable increment of the cylinder rich mass, resulting in higher soot 
formation below the step, as already observed in Figure 4–20. In addition, the 
higher residual fuel below the step extends the combustion duration, thus leading 
to higher BSFC with respect to the nominal protrusion. Even with +1 injector 
protrusion, the total cylinder rich mass is higher than with the nominal injector 
protrusion due to the higher fuel concentration above the step. This fuel is not 
efficiently oxidized, leading to higher soot content and longer combustion 
duration.  

The equivalence ratio distribution was reported in Figure 4–24 to highlights 
the flame evolution by varying the injector protrusion, for the three crank angle 
degrees shown in Figure 4–22. Specifically, the equivalence ratio contour plot 
was analyzed for a vertical plane cutting the cylinder axis and spray axis, while 
the isoline at 1500K (black line) was chosen as representative of the flame front. 
At TDC (Figure 4–24 – a), for the -2 injector protrusion the flame mainly 
propagates toward the piston center and the available oxygen in this region 
increases the air entrainment. Decreasing the injector protrusion, a higher flame 
redistribution above the step can be observed, thus leading to a higher air 
utilization in the squish region. Therefore, at this stage, similar air utilization is 
obtained by the propagation of the flame toward the cylinder center or the squish 
region, thus confirming the similar trend highlighted in Figure 4–23 – a. At +5 
CAD aTDC (Figure 4–24 – b), the -2 and -1 injector protrusions lead to reduced 
air utilization in the squish region. In addition, the flame recirculation toward the 
cylinder center interacts with the spray core increasing the cylinder rich mass. The 
nominal injector protrusion provides a balanced fuel split on the step, maximizing 
the air utilization both within the bowl and above the step. Also, the interaction 
between the flame recirculation and the spray core is avoided. With the +1 
injector protrusion, the flame is pushed above the step where a higher air 
utilization is shown, simultaneously reducing the oxidation within the bowl with 
respect to the nominal protrusion. Close to the EOI, at +15 CAD aTDC (Figure 
4–24 – c), the -2 and -1 injector protrusions show a strong increment of the rich 
mass within the bowl than with nominal protrusion, thus leading to higher soot 
formation within the bowl and not using the available oxygen in the squish region. 
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Decreasing the injector protrusion, the flame is mainly directed above the step 
toward the cylinder head where the lower available oxygen results in higher soot 
formation. 

 

Figure 4–23: Cylinder rich mass fraction (equivalence ratio higher than 1.5) for the 
whole combustion chamber (Total) and below the horizontal plane cutting the step at TDC 

(Below the step). WP3: 4000 RPM x 18.5 bar BMEP. 

(a)
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Figure 4–24: Equivalence Ratio contour plot on the selected vertical plane, for each 
injector protrusion under investigation with nominal SR. Black line: isoline at constant 

temperature equal to 1500K. WP3: 4000 RPM x 18.5 bar BMEP. 

 

To further assess the effect of different SR on the combustion process, the 
equivalence ratio distribution for the nominal injector protrusion at +15 CAD 
aTDC was reported in Figure 4–25. The total cylinder mass was binned by 
equivalence ratio into twenty intervals for both the baseline and the reduced SR. 
The nominal SR highlights the mode of the distribution near to the stoichiometric 
range, reducing the cylinder mass fraction in the tails of the distribution. 
Therefore, the distribution for the baseline SR suggests a faster combustion 
process and lower soot formation due to the reduced cylinder mass fraction in the 
high equivalence ratio range. Specifically, the red dashed line of Figure 4–25 is 
for the equivalence ratio equal to 1.5 and it is the same value adopted as tracer for 
the cylinder rich mass in the Eq. 4–1. Therefore, the higher is the cylinder mass 
fraction above this threshold the higher is soot formation, as observed for the 
reduced SR in Figure 4–20. 
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Figure 4–25: Equivalence Ratio bins distribution for the nominal injector protrusion at 
+15 CAD aTDC. WP3: 4000 RPM x 18.5 bar BMEP. 

 

The spray targeting analysis was also carried out at partial load (WP1), as 
shown in Figure 4–26. Similar results can be observed, highlighting the best soot 
and BSFC at the nominal injector protrusion. Specifically, 70% soot reduction and 
a slight BSFC improvement (less than 1%) can be observed with respect to the re-
entrant bowl.  
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Figure 4–26: Injector protrusion sensitivity for the nominal swirl ratio: normalized trade-
offs with respect to the baseline configuration. Top: Soot-BSNOx trade-off; bottom: BSFC-

BSNOx trade-off. WP1: 1500 RPM x 5.0 bar BMEP. 

 

4.3 Optical engine analysis  

In this chapter, the 3D-CFD results were compared with the experimental data 
coming from an optical access engine that is based on the same engine 
architecture. The CIV and OH* chemiluminescence techniques were used to 
assess the flame evolution. Then, the 2-color pyrometry optical soot density (KL) 
was compared with the numerical soot distribution. For this scope, two numerical 
indices were defined: one is based on the soot volume fraction, while the other 
provides the optical soot density KL in the 3D-CFD environment. The description 
of the numerical methodologies was reported in the previous chapter ‘2.4 Optical 

engine analysis’. It is worth noting that just a qualitative comparison between the 

numerical and the experimental results was carried out. Indeed, on one side, 
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different engine operating conditions were compared (i.e., 3D-CFD: 1500 RPM x 
4.6 bar IMEP, experimental: 1250 RPM x 4.5 bar IMEP). On the other side, the 
intrinsic differences in terms of engine layout (i.e., metal engine vs optical engine) 
can affect the comparison. Specifically, the piston used for the optical access 
engine had a reduced heat transfer due to the quartz features (lower heat 
conductivity and higher mechanical deformation). Then, the higher blow-by 
typical of the optical engine is not modeled in the 3D-CFD environment. 
Nevertheless, the comparison between the numerical and experimental results was 
considered a fundamental step to assess the predictive capabilities of the 
numerical methodology and to verify if the observed phenomena can be extended 
to the metal engine operating conditions.  

4.3.1 Heat Release Rate 

The numerical and experimental results were compared in terms of heat 
release rate, as shown in Figure 4–27. The same IMEP was reached both for 
simulations and experiments by using a similar injection strategy. Considering the 
numerical results of Figure 4–27 – left, similar combustion of the first pilot 
injection is highlighted for both the piston bowls. Going near the TDC, the 
combustion of the second pilot and main injections provides a reduced HRR for 
the hybrid bowl. At this stage, the hybrid bowl highlights a reduced swirling flow 
that slightly affects the spray development, increasing the flame-to-wall 
interaction and thus reducing the combustion rate. A comparable behavior is 
observed for the experimental HRR of Figure 4–27 – right, confirming the 
predictiveness of the numerical model. After the EOI of main event, the hybrid 
bowl promotes a higher HRR than with the re-entrant bowl. Indeed, the radial 
bumps mitigate the flame-to-flame interaction and enhance the mixing process, 
driving the flame toward the cylinder center. Also in this case, a qualitative good 
agreement is observed with respect to the experimental data, capturing the timing 
when this phenomenon occurs. Nevertheless, the experimental data show a 
reduced difference between the piston bowls under investigation. As already 
mentioned, this result was expected considering the different layout (metal engine 
vs optical engine) and the different operating conditions. After the EOI of post 
event, the re-entrant bowl shows a higher HRR with respect to the hybrid bowl 
due to the higher swirl ratio that increases the combustion rate of the residual fuel, 
as also confirmed by the experimental HRR of Figure 4–27 – right.  
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Figure 4–27: Injection rate profile and Heat Release Rate. Left: 3D-CFD. Engine 
operating condition: 1500 RPM x 4.6 bar IMEP; right: experimental. Engine operating 

condition: 1250 RPM x 4.5 bar IMEP. 

 

4.3.2 CIV 

The velocity field during the combustion process was investigated by 
comparing the CIV-resolved velocity field with the 3D-CFD results. With this 
aim, a single sector of the full cylinder geometry was considered, neglecting the 
squish region to avoid any light distortions induced by the high-curvature 
geometry. To compare the experimental and the numerical flow fields, the 3D-
CFD velocity field was averaged along the cylinder axis, following the 
methodology described in the previous chapter ‘2.4.1 Combustion Image 
velocimetry (CIV)’. Figure 4–28 shows the velocity field results during the 
injection event, at +3 CAD aEOI of main event. At this stage, the numerical 
results show a good correlation with the CIV data for both the piston bowls under 
investigation. More in detail, near the bowl periphery the flame propagates 
towards the bowl center, in the reverse flow and both the piston bowls show a 
high-magnitude velocity in this zone. However, the radial bumps for the hybrid 
bowl promote a faster reverse flow as outlined by the high-magnitude velocity 
vectors closer to the piston center (see Figure 4–28 – right).  
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Figure 4–28: 3D-CFD z-average velocity (a) and experimental CIV-resolved velocity 
flow field (b) at +3 CAD aEOI of main event. Left: re-entrant; right: hybrid. 

 

Figure 4–29 shows the velocity field results after the EOI of post injection, at 
+25 CAD aTDC. The numerical and experimental flow fields show a fairly good 
agreement, considering the total cylinder volume as path for the averaging 
computation; in this case the flow field is not influenced by any injection event. 
At this stage, the velocity field for the re-entrant bowl is swirl supported. Instead, 
for the hybrid bowl the velocity vectors are mainly directed towards the bowl 
periphery due to the more intense tumbling vortex that leads the flame outward 
above the step. This behavior is observed for both the numerical and experimental 
results, confirming that the numerical method can qualitatively reproduce the 
experimental flow field and this is crucial for a good prediction of soot oxidation 
in the late cycle.  
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Figure 4–29: 3D-CFD z-average velocity (a) and experimental CIV-resolved velocity 
flow field (b) at +25 CAD aTDC – Late oxidation phase. Left: re-entrant; right: hybrid. 

 

To further understand the piston bowl effect on the velocity field, a time-
/spatial-resolved velocity magnitude map was designed. Particularly, the piston 
bowl was divided in angular sectors and the velocity in each sector was averaged. 
Thanks to this procedure, a 2D contour-map was defined as reported in Figure 4–
30, where the temporal evolution of the velocity as a function of the sector 
location is shown for both simulations and experiments. On the y-axis, the 
azimuthal coordinate of the bowl sector is shown: 0 and 45 represent the axes of 
two consecutive radial bumps. For the numerical maps of Figure 4–30 – a, to 
avoid the spray core effect on the flow field, the velocity in each sector was 
averaged considering only the computational cells with a temperature higher than 
1500K, thus considering only the burned gas. Regarding the numerical results, 
both the piston bowls show a high-magnitude velocity zone close to the main EOI. 
However, the re-entrant bowl highlights a higher velocity magnitude in this region 
with respect to the hybrid bowl. Indeed, for the hybrid bowl part of the kinetic 
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energy is redistributed above the step due to the fuel split, thus reducing the 
velocity magnitude within the bowl. The same behavior can be observed for the 
experimental 2D-maps of Figure 4–30 – b. Going ahead in the combustion 
process, the velocity magnitude is reduced especially for the hybrid bowl and 
different velocity distributions are highlighted. In particular, the higher swirling 
flow for the re-entrant bowl drives a directional motion from 0 to 45 sector angle 
as observed in Figure 4–30 – left. Considering the hybrid bowl results of Figure 
4–30 – right, the peak of the velocity magnitude is lower than with the re-entrant 
design. Moreover, the high-magnitude zones are placed near 0 and 45 sector 
angles, at the radial bumps axes. Contrarily, the map center that refers to the 
center of the bowl shows a lower velocity magnitude. This behavior is due to the 
flame propagation toward the cylinder center that is mainly driven by the radial 
bumps, where a higher velocity magnitude is present. From +8 CAD aEOI of 
main event, the re-entrant bowl promotes a more intense velocity magnitude with 
respect to the hybrid bowl both for the numerical and experimental maps, due to 
the higher swirl vortex in the late cycle.  

 

 

Figure 4–30: Average velocity evolution for each sector angle. (a) 3D-CFD; (b) 
experimental CIV-resolved. 
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4.3.3 OH* chemiluminescence  

The evolution of the numerical OH radicals was compared with the 
experimental OH* chemiluminescence data to characterize the combustion in the 
near-stoichiometric high temperature flame front. Figure 4–31 shows the 
numerical OH mass evolution for each piston bowls under investigation. Until the 
EOI of main event, when the OH is mainly placed around the spray core, the 
piston designs show comparable OH mass. Going near the SOI of post event, the 
hybrid bowl promotes a faster oxidation process, as confirmed by the higher peak 
of OH mass. Indeed, the radial bumps drive the flame toward the cylinder center, 
increasing the air/fuel mixing. Also, the higher air utilization above the step 
increases the OH content in the squish region. After the EOI of post event, the 
hybrid bowl highlights a lower OH mass than with the re-entrant bowl due to the 
higher oxidation rate that promotes a faster burn-out of the residual fuel.  

 

 

Figure 4–31: Numerical OH mass evolution and injection rate profile. Engine operating 
condition: 1500 RPM x 4.6 bar IMEP. 

 

The 2D distribution of the OH mass fraction (yOH) was investigated 
following the methodology described in the previous chapter ‘2.4.2 OH* 

chemiluminescence’. This methodology allows the comparison between the 
numerical data and the optical OH* chemiluminescence images. The numerical 
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and experimental OH planar distributions for the four crank angle degrees 
highlighted in Figure 4–31, are reported in Figure 4–32 for the re-entrant bowl 
and in Figure 4–33 for the hybrid bowl. It is worth mentioning that, since the 
numerical and experimental injection profiles are slightly different, the 
experimental OH images refer to the same CAD after the EOI of main event of 
the 3D-CFD results. 

At θ1 = +0 CAD aEOI of main event 

The numerical results of Figure 4–32 – a and Figure 4–33 – a highlight a 
similar OH distribution for the two piston bowls. The high-magnitude OH is 
mainly placed in the region of the flame-to-wall interaction, but some differences 
are highlighted within the bowl and in the squish region. In particular, the re-
entrant bowl shows a stronger flame-to-flame interaction, as suggested by the 
higher OH content in the collision area of two adjacent flames. Regarding the 
squish region, only the hybrid bowl shows a high OH content due to the fuel split 
on the step. Similar results can be observed for the optical results of Figure 4–32 
– b and Figure 4–33 – b. Also in this case, the re-entrant bowl shows a higher OH 
content in the flame collision area. However, a different shape of the collision 
area is shown between simulations and experiments due to the different operating 
conditions. Also, for the re-entrant bowl, the experimental distribution shows a 
stronger flame propagation in the squish region than the numerical distribution. 
This is mainly due to the retarded injection for the experiments that increases the 
fuel split above the bowl rim. For the hybrid bowl, the numerical and 
experimental distributions are comparable: the flame-to-flame interaction is 
reduced, as confirmed by the lower OH content in the flame collision area and the 
flame propagates in the squish region due to the fuel split.  

At θ2 = +4 CAD aEOI of main event 

The numerical distribution for the re-entrant bowl of Figure 4–32 – a shows a 
significant flame-to-flame interaction. The collision area of two adjacent flames 
propagates toward the cylinder center, while in the squish region the flame moves 
toward the liner. Regarding the hybrid bowl results of Figure 4–33 – a, the flame-
to-flame interaction is reduced, and the shape of the collision area is different than 
with the re-entrant bowl. Indeed, the flames interact only on the step due to the 
absence of the radial bumps. Moreover, the fuel split on the step increases the air 
utilization in the squish region, improving the oxidation rate as confirmed by the 
higher OH mass of Figure 4–31. Considering the optical distribution for the re-
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entrant bowl of Figure 4–32 – b, the radiation within the bowl is significantly 
attenuated, as highlighted by the region within the red dashed line. This 
luminosity attenuation is due to the higher soot content near the wall surface 
where the flame-to-flame interaction occurs. The higher soot content can 
significantly increase the absorption of the OH radiation, as also reported in [45]. 
The light attenuation from soot is not computed in the 3D-CFD environment, thus 
leading to some discrepancies between simulations and experiments. Instead, the 
optical image for the hybrid bowl of Figure 4–33 – b, shows a negligible 
luminosity mitigation since the radial bumps reduce the flame-to-flame 
interaction, limiting the soot formation near the wall surface. Therefore, the 
numerical and experimental data show a fairly good agreement.  

At θ3 = +8 CAD aEOI of main event 

As highlighted in Figure 4–31, after the EOI of post event, the hybrid bowl 
leads to higher OH mass, suggesting a higher oxidation rate in the flame front. At 
this stage, the flame motion toward the cylinder center, in the reverse flow, guides 
the oxidation process. Considering the numerical results for the re-entrant bowl of 
Figure 4–32 – a, the OH concentration is mainly located near the outer bowl rim 
and in the squish area. Instead, by looking at the numerical results for the hybrid 
bowl of Figure 4–33 – a, two zones with high OH content are highlighted. On one 
side, an intense OH region is significantly advanced toward the piston center due 
to the radial bumps. On the other side, the flame propagates above the step where 
a higher OH content is observed. The more intense OH zones toward the piston 
center and above the step suggest a higher combustion rate for the hybrid bowl. 
The numerical results show a good agreement with the experimental images of 
Figure 4–32 – b and Figure 4–33 – b. In particular, the experimental luminosity 
due to the OH tracing is again visible for the re-entrant bowl, due to the reduced 
soot content [45]. For the hybrid design, similar to the numerical results, a high 
OH content is located toward the piston center and above the step.  

At θ4 = +31 CAD aEOI of main event 

Late in the cycle, the re-entrant bowl shows higher OH mass with respect to 
the hybrid bowl (see Figure 4–31) due to the slower oxidation of the residual fuel. 
Comparing Figure 4–32 – a and Figure 4–33 – a, the re-entrant bowl shows 
higher OH content than with the hybrid bowl and it is mainly placed in the bowl 
center, where the swirling flow mainly contributes to the oxidation rate. 
Contrarily, the hybrid bowl leads to a remarkable OH mitigation close to the bowl 
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center. A qualitative agreement with the optical data of Figure 4–32 – b and 
Figure 4–33 – b can be observed. In this case, the hybrid bowl promotes a 
stronger OH mitigation with respect to the numerical results. This may be related 
to a faster oxidation rate for the hybrid bowl in the experiments, as highlighted by 
the comparison between the numerical (Figure 4–27 – left) and the experimental 
(Figure 4–27 – right) HRR in the late cycle.  

 

 

Figure 4–32: Re-entrant bowl results. (a) 3D-CFD OH mass fraction averaged along the 
cylinder axis. Engine operating condition: 1500 RPM x 4.6 bar IMEP; (b) Experimental OH* 

chemiluminescence images. Engine operating condition: 1250 RPM x 4.5 bar IMEP. 
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Figure 4–33: Hybrid bowl results. (a) 3D-CFD OH mass fraction averaged along the 
cylinder axis. Engine operating condition: 1500 RPM x 4.6 bar IMEP; (b) Experimental OH* 

chemiluminescence images. Engine operating condition: 1250 RPM x 4.5 bar IMEP. 

 

4.3.4 Optical soot density (KL) 

Once assessed the combustion by means of the CIV and OH* 
chemiluminescence techniques, the soot analysis was carried out, considering the 
numerical methodologies described in the previous chapter ‘2.4.3 Optical soot 

density (KL)’. The numerical soot distributions were compared with the optical 
soot density KL from the 2-colour pyrometry technique. With this aim, the 
analysis was focused only on a specific area of the bowl, as shown by the green 
area of Figure 4–34 – right. The center of the bowl was neglected to avoid light 
reflections and distortions, while the squish zone was excluded due to the 
difficulty of isolating the impact of the bumps in this zone. The same region of 
interest was considered in the 3D-CFD analysis, as shown in Figure 4–34 – left. 
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Figure 4–34: Numerical and experimental investigation area. 

 

To provide a global index of the soot evolution, the average KL over the 
selected region was evaluated both in the numerical and experimental 
environments. With this aim, the total amount of cells/pixels (Aa) for the 
numerical/experimental images was computed following the Eq. 4–2:  

 𝐴𝑎 = ∑ 𝑖

𝑖=𝑐𝑒𝑙𝑙𝑠,𝑎

 Eq. 4–2 

The sum of KL over the cells/pixels of the selected region provided the 
cumulative KL (KLcumul,a) following the Eq. 4–3:  

 𝐾𝐿𝑐𝑢𝑚𝑢𝑙,𝑎 = ∑ 𝐾𝐿𝑖

𝑖=𝑐𝑒𝑙𝑙𝑠,𝑎

 Eq. 4–3 

Then, the global average KL over the selected region (KLmean) was defined by 
the Eq. 4–4:  

 𝐾𝐿𝑐𝑢𝑚𝑢𝑙,𝑎 = ∑ 𝐾𝐿𝑖

𝑖=𝑐𝑒𝑙𝑙𝑠,𝑎

 Eq. 4–4 

It is worth noting that only a qualitative comparison between the numerical 
and experimental results was performed, by looking to the normalized results. 
Indeed, a different magnitude of the KL was expected due to the intrinsic 
differences in terms of engine layout (i.e., metal engine vs optical engine) and the 
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different technique adopted for the KL evaluation (i.e., numerical methodology vs 
2-colour pyrometry). However, the qualitative comparison between simulations 
and experiments, each of them normalized to its maximum value, was considered 
as crucial step to identify the piston bowl behavior in terms of soot 
formation/oxidation processes. Figure 4–35 shows the normalized KLmean over 
the selected region for each investigated piston bowl. Focusing on the numerical 
results of Figure 4–35 – left, the two piston designs show a similar soot formation 
rate until +20 CAD aTDC. Then, the hybrid bowl leads to lower peak of KL than 
with the re-entrant bowl. Going ahead in the cycle, the hybrid bowl promotes a 
strong KL attenuation, suggesting a significant impact of the hybrid bowl 
geometry on soot oxidation rate. Regarding the experimental results of Figure 4–
35 – right, a qualitative agreement with simulations is observed. Also in the 
experimental tests, the hybrid bowl shows a strong improvement of the soot 
oxidation in the late cycle, leading to a strong KL reduction. Nevertheless, the 
time involved by the soot evolution is significantly reduced with respect to the 
simulations. This could be related to the intrinsic differences between the metal 
and the optical engines. Below a certain temperature and soot concentration the 
CCD camera cannot detect any signal, thus leading to faster KL attenuation in the 
experimental layout. Also, the soot PM model was validated against the 
experimental engine-out soot emissions from the 4-cylinder metal engine [48]. 
Therefore, the entire soot evolution (soot formation/oxidation rates) was not 
calibrated. However, the qualitative good agreement confirms the predictiveness 
of the numerical methodology and the beneficial effects of radial bumps on the 
soot evolution.  

 

Figure 4–35: Normalized KLmean over the defined region. Left: 3D-CFD. Engine 
operating condition: 1500 RPM x 4.6 bar IMEP; right: experimental. Engine operating 

condition: 1250 RPM x 4.5 bar IMEP. 
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To further understand the potential of the developed numerical methodology, 
the 2D distributions of the numerical fvL and KL factors were compared with the 
optical soot density KL. The re-entrant bowl (Figure 4–36) and hybrid bowl 
(Figure 4–37) results are reported for the four crank angle degrees highlighted in 
Figure 4–35. Specifically, the numerical fvL and KL (normalized with respect to 
its maximum value) are reported in the first and second columns, while the 
normalized experimental KL is in the third column.  

At θ1 – initial soot formation phase 

Similar results are highlighted for the numerical fvL and KL factors. This is 
due to the reduced soot content (high soot transmissivity) that introduces a 
negligible light attenuation in the radiation transfer process over the optical path 
length. Therefore, the fvL can be considered as a proper index for the comparison 
with the optical soot density KL, although it is based on a simplified approach. By 
comparing the numerical distributions with the optical soot density KL, a 
qualitative good agreement is observed. Specifically, a high magnitude region is 
in the piston bowl rim where the flame-to-wall interaction appears. It is worth 
mentioning that the edges of the bowl provide a light distortion, thus leading to 
false KL values for the experimental 2-colour pyrometry. Therefore, the 
comparison with simulations should be done only far enough from the piston wall. 
Regarding the comparison between the re-entrant and the hybrid bowls, similar 
results can be observed as also confirmed by the global average KL of Figure 4–
35. 

At θ2 – soot peak 

At this stage, which corresponds to the maximum of KL on Figure 4–35, the 
two numerical methodologies provide similar results. In particular, the re-entrant 
bowl results of Figure 4–36 highlights the high magnitude soot close to the bowl 
surface, both for simulations and experiments. Considering the hybrid bowl 
results of Figure 4–37, the radial bumps reduce the flame-to-flame interaction and 
consequently the soot intensity in the collision area. Moreover, the high 
magnitude soot is driven by bumps toward the piston center, where the high 
oxygen concentration enhances the soot oxidation rate. The optical analysis 
provides similar results, but in this case a region with a high KL value is observed 
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above the step, since the retarded injection promotes a different fuel split in the 
experiments.  

At θ3 – soot oxidation phase 

Going ahead on soot oxidation, both the simulations and the experiments 
show significant soot attenuation. For the re-entrant bowl of Figure 4–36, both 
the numerical indices and the optical data highlight a homogeneous soot 
distribution within the bowl, while only the optical KL shows a still significant 
soot content above the step. For the hybrid bowl of Figure 4–37, a strong soot 
reduction toward the piston center is shown and the resulting global intensity of 
soot is lower than with the re-entrant bowl, as also confirmed in Figure 4–35. 
Even for this piston design, the optical KL shows a higher soot value in the squish 
region with respect to simulations.  

At θ4 – late stage 

During the late phase of the soot oxidation process, both the numerical and 
the optical results show remarkable soot attenuation, as also reported in Figure 4–
35. However, the re-entrant bowl shows a higher soot with respect to the hybrid 
bowl that provides an almost zeroed KL within the bowl. By looking at the optical 
results, a high magnitude KL region is still shown in the squish region, differently 
from simulations.  
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Figure 4–36: Re-entrant bowl results. 3D-CFD fvL (a) and KL (b) normalized with 
respect to its maximum. Engine operating condition: 1500 RPM x 4.6 bar IMEP; (c) 

experimental KL normalized with respect to its maximum. Engine operating condition: 1250 
RPM x 4.5 bar IMEP. 
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Figure 4–37: Hybrid bowl results. 3D-CFD fvL (a) and KL (b) normalized with respect 
to its maximum. Engine operating condition: 1500 RPM x 4.6 bar IMEP; (c) experimental KL 

normalized with respect to its maximum. Engine operating condition: 1250 RPM x 4.5 bar 
IMEP. 
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To further assess the impact of the piston bowl on soot evolution, a 
time/spatial soot KL map was developed. For the experimental data, the optical 
area of interest was divided in 5°-wide angular sectors in the azimuthal direction 
(φ) as reported in Figure 4–38 – right and the KL was averaged for each angular 
sector. Whit a similar approach, the numerical KL was averaged for each radial 
line, as shown in Figure 4–38 – left. The resulting average KL was computed 
following the Eq. 4–5:  

 𝐾𝐿𝑚𝑒𝑎𝑛 =
𝐾𝐿 𝑐𝑢𝑚𝑢𝑙,𝜑

𝐴𝜑
 Eq. 4–5 

where Aφ is the total amount of cells over the radial line/pixels in the angular 
sector, and the KLcumul,φ is the cumulative KL for each radial line/angular sector.  

 

 

Figure 4–38: 3D-CFD radial lines (left) and experimental sector angles (right) used for 
the average computation. 

 

Figure 4–39 shows the temporal evolution of the defined averaged KL as a 
function of the azimuthal direction, where the 0 and 40 represent the radial 
bumps. The numerical and experimental results were normalized with respect to 
the corresponding maximum. As previously reported, the numerical and 
experimental soot KL evolution involve different time intervals. Therefore, the 
KL evolutions of Figure 4–39 were investigated considering two different time 
intervals, in which the soot evolution is similar, as reported in Figure 4–39 – c. 

Focusing on the numerical results for the re-entrant bowl of Figure 4–39 – a, 
when the KL reaches its maximum, the KL map highlights the high magnitude 
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region all around the sector angles. Specifically, a significant KL intensity is 
observed in the sector periphery (0 and 40 sector angles), due to the flame-to-
flame interaction that increases the soot formation. A similar result is shown also 
for the experimental map, but with different intensity. Going ahead in the cycle, 
both the numerical and experimental maps show a significant residual KL all over 
the sector domain. Considering the hybrid bowl of Figure 4–39 – b, the numerical 
KL map shows a strong reduction of the intensity in the sector periphery due to 
the presence of the radial bumps. In addition, the radial bumps move the flame 
toward the sector center, where the high magnitude KL is shown. In this zone, late 
in the cycle, a more intense soot KL mitigation is observed with respect to the re-
entrant bowl since the high oxygen content increases the soot oxidation rate. For 
the experimental map, comparable results are observed unless some differences. 
Specifically, a narrow high magnitude zone is still detectable in the sector angle 0, 
but it is strongly reduced in the late cycle in comparison with the re-entrant bowl.  

 



Hybrid bowl design 

 

110 
 

 

Figure 4–39: Numerical (left) and experimental (right) sector angle KL maps. (a) Re-
entrant bowl; (b) hybrid bowl; (c) normalized KLmean. 
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A similar methodology was developed to obtain a time/spatial evolution of the 
KL along the radial direction. For the scope, the optical region of interest was 
divided in rings with a thickness of 0.5 mm, as shown in Figure 4–40 – right. The 
KL was averaged for each ring, providing an index of soot evolution along the 
radial direction (r). With a similar approach, the numerical KL was averaged for 
each arc as shown in Figure 4–40 – left. The resulting average KL was defined by 
the Eq. 4–6: 

 𝐾𝐿𝑚𝑒𝑎𝑛 =
𝐾𝐿 𝑐𝑢𝑚𝑢𝑙,𝑟

𝐴𝑟
 Eq. 4–6 

where Ar is the total amount of cells over the arc/pixels in the ring and the 
KLcumul,r is the cumulative KL for each arc/ring.   

 

 

Figure 4–40: 3D-CFD arcs (left) and experimental rings (right) used for the average 
computation. 

 

Figure 4–41 shows the temporal evolution of the normalized averaged KL as 
a function of the radius. Even in this case, the numerical and experimental maps 
were assessed considering two different time intervals that show comparable soot 
evolution, as reported in Figure 4–41 – c.  

Considering the numerical KL for the re-entrant bowl of Figure 4–41 – a, a 
high magnitude zone starts to appear at the piston bowl surface (radius: 18 mm) 
due to the flame-to-wall interaction. Going ahead in the cycle, the flame goes 
toward the piston center and reaches the radius 6 mm at +30 CAD aTDC. 
Regarding the experimental map, a qualitative agreement is shown: a high 
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magnitude zone starts to appear at the piston bowl periphery and then it goes 
toward the piston center. Nevertheless, a higher KL attenuation is shown with 
respect to the numerical map, going toward the piston center. This could be 
related to the retarded injection for the experiments that results in different fuel 
split and thus different fuel content within the bowl. Focusing on the hybrid bowl 
results of Figure 4–41 – b, the numerical map reports a strong reduction of KL 
close to the piston bowl surface, during the first stages of soot formation. Instead, 
the high magnitude KL is shifted toward the piston center (lower radius) due to 
the radial bumps that promotes a faster flame recirculation. Indeed, the flame 
reaches the 6 mm faster than the re-entrant bowl at +15 CAD aTDC. This results 
in higher soot oxidation rate, leading to a strong soot KL attenuation in the late 
cycle with respect to the re-entrant bowl. Even the experimental map shows a 
faster flame propagation toward the piston center for the hybrid bowl. However, 
some differences are highlighted in comparison with the numerical map. In 
particular, a higher intensity of KL is shown near the piston bowl periphery, while 
the zone close to the piston center shows a lower intensity. As already noted, this 
could be related to the different fuel split at the step that affects the soot 
distribution within the bowl.  
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Figure 4–41: Numerical (left) and experimental (right) radius KL maps. (a) Re-entrant 
bowl; (b) hybrid bowl; (c) normalized KLmean. 
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4.4 Single-cylinder engine analysis 

In the framework of a collaboration between PUNCH Torino S.p.A/ formerly 
General Motors Global Propulsion Systems and CNR – STEMS, an experimental 
activity was carried with a SCE based on similar architecture and piston designs 
as the ones used in the numerical analysis. The results of the analysis were used to 
experimentally confirm the potential benefits provided by the innovative hybrid 
piston bowl.  

The work described in this Chapter was previously published in the following 
publications:  

• Belgiorno, G., Boscolo, A., Dileo, G., Numidi, F. et al., "Experimental 
Study of Additive-Manufacturing-Enabled Innovative Diesel 
Combustion Bowl Features for Achieving Ultra-Low Emissions and 
High Efficiency," SAE Int. J. Adv. & Curr. Prac. in Mobility 3(1):672-
684, 2021, https://doi.org/10.4271/2020-37-0003.   

• G. Di Blasio, R. Ianniello, C. Beatrice, F. C. Pesce, A. Vassallo, 
G. Belgiorno, "Experimental Investigation on an Innovative Additive 
Manufacturing Enabled Diesel Piston Design to Improve Engine-out 
Emissions and Thermal Efficiency beyond Euro6", THIESEL 
Conference 2020. 

4.4.1 Experimental setup 

The experimental activity was carried out for a 0.5 l/cyl SCE whose main 
features are listed in Table 4–1. It has a higher specific displacement than the 
engine used for the numerical analysis (i.e., 0.4 l/cyl). A fast-acting fuel injection 
system with a maximum rail pressure of 2500 bar and 7-hole solenoid injector 
were adopted. The SCE has a modular and variable design, to be flexible in the 
use of different engine configurations. This approach allowed the use of different 
piston designs. In particular, the baseline engine features a steel-forged re-entrant 
bowl, as shown in Figure 4–42 – a. Then, an innovative piston was designed by 
means of a steel-based additive-manufacturing (AM) approach and the resulting 
prototype is reported in Figure 4–42 – b. It has the same geometrical features of 
the hybrid design used for the numerical analysis (see Figure 2–1 – d). 
Nevertheless, in this case a reduced number of radial bumps was used to match 
the number of nozzle hole (i.e., simulations: 8-hole vs experiments: 7-hole). The 
two investigated designs feature the same compression ratio and squish height.  

https://doi.org/10.4271/2020-37-0003
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Table 4–1: Single cylinder engine main features. 

Specific displacement 0.5 l/cyl 

Bore x Stroke 83.0 mm x 90.4 mm 

Compression ratio 16:1 

Valve # 4 

Fuel injection system Common rail 

Max Rail Pressure 2500 bar 

Nozzle hole # 7 

 

 

Figure 4–42: (a) Conventional steel-forged re-entrant bowl; (b) hybrid bowl steel-based 
AM prototype. Adapted from [42].  

 

The experimental activity was focused on the characterization of the novel 
combustion system in terms of both emissions and thermal efficiency. With this 
aim, four partial load engine working points were considered, as reported in Table 
4–2. They cover the typical type-approval driving cycle (NEDC, WLTP) 
operating areas and are reference points for the efficiency and emissions 
estimation.  
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Table 4–2: Engine working points. 

Speed [rpm] BMEP [bar] 

2000 2.0 

1500 5.0 

2000 8.0 

1500 14.0 

 

A preliminary sensitivity analysis on the injector tip protrusion was carried out by 
varying the washer thickness (WT) [42]. These tests were performed at fixed 
MFB50 and engine-out NOx (i.e., EU6b targets) by varying the SOI and the EGR 
rate, respectively. The resulting optimal WT was 1mm lower than the one adopted 
for the conventional re-entrant bowl (i.e., 2mm). Then, a further optimization of 
the injection pattern with the optimal WT was carried out by varying the number, 
dwell time and quantities of the pulses [42]. The results showed that only at the 
lowest engine load (i.e., 2000 RPM x 2.0 bar BMEP) an optimized injection 
pattern was necessary for soot reduction. Once determined the optimal injector tip 
protrusion and injection pattern, a design of experiment (DoE) approach was 
carried out for the optimization of MFB50 and rail pressure, keeping fixed NOx 
targets [43]. Finally, an EGR rate sweep was performed for the best calibration of 
each engine operating condition, assessing the soot-NOx trade-offs [43]. 

4.4.2 Results and discussion 

The EGR rate sweep trade-offs for the working points 1500 RPM x 5.0 bar 
BMEP and 2000 RPM x 8.0 bar BMEP are reported in Figure 4–43 – a and 
Figure 4–43 – b, respectively. For both the working points, the optimal engine 
parameter calibration, which is based on the previous DoE in terms of MFB50 and 
rail pressure, was used as reference for the EGR rate sweep. The trade-offs refer 
to the indicated specific PM (ISPM) and NOx (ISNOx) emissions. The hybrid 
design shows a strong improvement of the trade-off for the two tested operating 



4.4 Single-cylinder engine analysis 

 

117 
 

conditions. At 1500 RPM x 5.0 bar BMEP of Figure 4–43 – a, 75% ISPM 
reduction is reached with respect to the re-entrant bowl, keeping the ISNOx at the 
EU6b target of 0.6 g/kWh. This result is in line with the numerical trade-off of 
Figure 4–17 at the same engine working point. The simulations highlighted at 
fixed BSNOx, a 70% soot reduction with respect the re-entrant bowl. Even at 
2000 RPM x 8.0 bar BMEP of Figure 4–43 – b, a significant ISPM reduction (-
54%) is provided by the hybrid bowl, keeping the ISNOx at the EU6b target of 
0.8 g/kWh. Again, the result is comparable with the numerical soot reduction of 
Figure 4–18 at the same engine working point, where a 70% soot reduction was 
obtained at fixed BSNOx. Thanks to the improved trade-off for the hybrid bowl, 
higher EGR rate can be considered to reach the EU6d NOx target, still 
maintaining the ISPM reduction in the range of 50-60%. 

 

Figure 4–43: EGR sweep trade-offs. (a) Engine operating condition: 1500 RPM x 5.0 
bar BMEP; (a) Engine operating condition: 2000 RPM x 8.0 bar BMEP. Adapted from [43]. 
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Figure 4–44 the BSFC, combustion noise and specific brake emissions for 
both the piston bowls and all the engine operating conditions under investigation. 
The results from the SCE tests were reflected to the actual conditions of the muti-
cylinder engine by means of the friction correlation reported in [86]. The brake 
specific results were normalized with respect to the conventional re-entrant bowl 
data. Also, the combustion noise absolute values were reported. All the 
comparison are at constant EU6b engine-out NOx targets. The radar plots show a 
BSFC reduction in the range 0-2% with respect to the re-entrant bowl. In general, 
at lower load, no significant change can be detected in terms of BSCO and 
BSTHC, while increasing the load a strong BSTHC increment is detected. This 
could be related to the low-quality roughness within the AM piston design that 
affects the wall wetting phenomenon. Although the BSTHC percentage increment 
is significant, at this high load and warm conditions, the HC absolute values are 
very low and within the tolerance range. The greatest benefit provided by the 
hybrid bowl is in terms of PM reduction. The reduction is in the range of 30-80% 
with respect to the re-entrant bowl, confirming the great potential of the hybrid 
bowl in terms of soot mitigation.   
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Figure 4–44: Experimental results in terms of BSFC, combustion noise and specific 
brake emissions for both piston and all the engine operating conditions. Adapted from [43]. 
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Chapter 5 

5Conclusions and Outlook 

In the last years, the increasingly demanding CO2 legislative targets and the 
need to comply with tighter emissions regulations are pushing toward an 
unprecedent technological innovation. In this scenario, for a diesel engine, the in-
cylinder control of pollutant emissions will still play a fundamental role to reduce 
the incremental cost due to the adoption of advanced aftertreatment systems. With 
this aim, the optimization of the piston bowl design was found to have a key role 
on the air/fuel mixing, resulting in lower fuel consumption and emissions. During 
the design optimization process, the 3D-CFD simulations can be used as virtual 
test rig for the preliminary assessment of the most promising geometries, saving 
time and cost with respect to the experimental tests.  

In this work, the performance of different piston bowl geometries for a 1.6L 
diesel engine was investigated by means of a synergetic approach based on both 
3D-CFD simulations and experimental tests. Regarding the simulation 
methodology, an integrated and automated 1D-/3D-CFD coupling approach was 
adopted which includes a calibrated spray model and detailed chemistry. Once the 
numerical model was validated considering a conventional re-entrant bowl, two 
innovative bowl geometries were numerically investigated: a stepped-lip and a 
radial-bumps bowl. Under non-reacting conditions, both the stepped-lip and 
radial-bumps bowls highlighted an improved air/fuel mixing with respect to the 
re-entrant design. In particular, the stepped-lip bowl provided a dual toroidal 
vortex that increases the air utilization in the squish region, while the radial-
bumps bowl mitigated the jet-to-jet interaction and promoted the recirculation of 
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the jet downstream to the bump, where the available oxygen enhanced the air/fuel 
mixing rate. The combustion simulations confirmed that the enhanced mixing led 
to improved combustion, increasing the engine efficiency at full load, and 
minimizing the engine-out soot at part load. Then, to further assess the potentials 
of these innovative designs, a sensitivity analysis over different engine calibration 
parameters was carried out. At full load, a faster mixing-controlled combustion 
was reached with both innovative designs due to the optimal injection phasing. 
Also, a higher swirl ratio was found to be necessary for improved mixing, 
especially for the radial-bumps bowl. Both the innovative bowls highlighted high 
potential in reducing the ISFC, -1% and -3% for the stepped-lip and radial-bumps 
bowls, respectively. At partial load, both the stepped-lip and the radial-bumps 
bowls showed a remarkable improvement of the soot-NOx trade-off, providing 
40% and 50% of soot reduction with respect to the re-entrant bowl. 

Once assessed the combustion improvement due to the stepped-lip and radial-
bumps bowls, a further step on the combustion system optimization was carried 
out. To understand if there are synergies between these two pistons, an innovative 
hybrid piston was designed. The hybrid bowl combined a highly-reentrant sharp-
stepped bowl and a number of radial bumps in the inner bowl rim equal to the 
injector nozzle holes. Due to the geometrical complexity of this piston design, an 
AM oriented steel-based approach was adopted. The hybrid bowl was firstly 
investigated through 3D-CFD simulations. Then, the numerical results were 
compared against the experimental data coming from an optical access engine. 
The CIV and OH* chemiluminescence data were used for the characterization of 
the flame structure. Then, the 2-color pyrometry KL data were adopted for the 
investigation of soot. To directly compare the numerical and experimental data, a 
numerical methodology was developed, providing an equivalent soot KL also in 
the 3D-CFD environment. Regarding the 3D-CFD simulations, under non-
reacting conditions, the hybrid bowl showed a strong improvement of the air/fuel 
mixing with respect to the re-entrant bowl. The jet-to-jet interaction was reduced, 
increasing the air entrainment into the jet front. Moreover, a higher jet 
recirculation toward the bowl center was reported, improving the mixing rate due 
to the higher available oxygen. The combustion simulations have confirmed the 
mixing behavior, resulting in higher HRR in the mixing-controlled combustion for 
both full load and partial loads operating conditions. At partial loads, the hybrid 
bowl has shown a great EGR tolerance over the soot-BSNOx and BSFC-BSNOx 
trade-offs. At baseline BSNOx, up to 70% soot reduction was obtained with 
negligible fuel consumption worsening. To fully optimize this innovative 
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combustion system, the hybrid bowl potentials were also investigated for different 
injector protrusions and swirl ratio. The hybrid bowl showed high sensitivity to 
the injector protrusion both in terms of soot and BSFC, suggesting that the 
optimal fuel split on the step is crucial for the combustion enhancement. 
Moreover, high swirl ratio was required to keep lower soot and BSFC than with 
the re-entrant bowl due to the enhanced mixing process. At full load, for the 
optimal injector protrusion and the higher swirl ratio, 40% soot and 2% BSFC 
reduction were obtained with respect to the conventional re-entrant bowl. The 
summary of the numerical results is reported in Table 5–1 in terms of soot, BSFC 
and power percentage difference with respect to the re-entrant bowl. 

Table 5–1: Numerical results. Soot, BSFC and power percentage difference 
with respect to the re-entrant bowl. 

  Stepped-lip Radial-bumps Hybrid 

WP1 
Soot -40% -50% -70% 

BSFC -0.5% -5.0% -0.7% 

WP3 Power +0.3% +3.3% +1.7% 

 

Then, the experimental data from an optical access engine were used to 
characterize the hybrid bowl design in terms of flame and soot evolutions. The 
qualitative comparison between the numerical and CIV-resolved velocity flow 
fields showed a good agreement. Interestingly, the hybrid bowl highlighted a 
higher flame velocity toward the piston center, and it was mainly driven by the 
radial bump geometry. This faster reverse flow of the flame resulted in higher air 
entrainment into the flame front, thus improving the combustion rate. Also, the 
comparison between the numerical OH distribution and the OH* 
chemiluminescence data showed a qualitative good agreement, confirming the 
potential of the hybrid bowl on the combustion rate. In particular, a higher OH 
content was observed both in the piston center and above the step, providing a 
faster oxidation process. Concerning soot evolution, the numerical soot KL was 
compared with the optical soot density KL showing also in this case a qualitative 
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good agreement. More in detail, a strong improvement of soot 
formation/oxidation processes was highlighted due to the hybrid bowl geometry. 
On one side, the reduced flame-to-flame interaction significantly mitigated the 
soot formation, while, on the other side, the faster flame recirculation toward the 
piston center increased the oxidation rate. In the framework of a collaboration 
between PUNCH Torino S.p.A/ formerly General Motors Global Propulsion 
Systems and CNR – STEMS, an experimental activity was carried with a SCE 
based on similar architecture and piston designs as the ones used in the numerical 
analysis. The results of this analysis have confirmed the great soot reduction 
potential of the hybrid bowl. The experimental soot reduction was in the range of 
30-80% with respect to a conventional re-entrant bowl, keeping fixed ISNOx 
equal to EU6b target. The summary of the numerical and experimental results for 
the hybrid bowl is reported in Table 5–2 in terms of soot and BSFC percentage 
difference with respect to the re-entrant bowl. 

Table 5–2: Hybrid bowl, numerical and experimental results. Soot and BSFC 
percentage difference with respect to the re-entrant bowl. 

  3D-CFD Experimental 

WP1 
Soot -70% -75% 

BSFC -0.7% -2.0% 

WP2 
Soot -70% -54% 

BSFC -1.0% -1.0% 

 

The optimization of the piston bowl design was found to be crucial for fuel 
efficiency and emissions reduction, thanks to the improvement of the mixing 
behavior. The developed 3D-CFD methodology has shown great predictive 
capabilities, paving the way for further geometrical optimization. In this 
framework, the DoE and GA algorithms as well as the recent rising of the 
machine learning approach can support the optimization process. From a 
manufacturing perspective, the recent improvement of AM steel-based method 
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enabled the possibility of strong geometrical complexity, while keeping the 
durability request of a diesel engine application. Then, further steps can be done 
for the next generation of diesel engines to minimize their environmental impact 
on the transportation sector. 
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