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Abstract: The optimization of the piston bowl design has been shown to have a great potential for air–
fuel mixing improvement, leading to significant fuel consumption and pollutant emissions reductions
for diesel engines. With this aim, a conventional re-entrant bowl for a 1.6 L light-duty diesel engine
was compared with two innovative piston designs: a stepped-lip bowl and a radial-bumps bowl. The
potential benefits of these innovative bowls were assessed through 3D-CFD simulations, featuring a
calibrated spray model and detailed chemistry. To analyse the impact of these innovative designs,
two different engine operating conditions were scrutinized, corresponding to the rated power and
a partial load, respectively. Under the rated power engine operating condition, a start of injection
sensitivity was then carried out to assess the optimal spray–wall interaction. Results highlighted
that, thanks to optimal injection phasing, faster mixing-controlled combustion could be reached with
both the innovative designs. Moreover, the requirements in terms of swirl were also investigated,
and a higher swirl ratio was found to be necessary to improve the mixing process, especially for the
radial-bumps design. Finally, at part-load operating conditions, different exhaust gas recirculation
(EGR) rates were analysed for two injection pressure levels. The stepped-lip and radial-bumps bowls
highlighted reduced indicated specific fuel consumption (ISFC) and soot emissions values over
different rail pressure levels, guaranteeing NOx control thanks to the higher EGR tolerance compared
with the re-entrant bowl. The results suggested the great potential of the investigated innovative
bowls for improving efficiency and reducing emissions, thus paving the way for further possible
optimization through the combination of these designs.

Keywords: diesel engine; innovative piston bowl; computational fluid dynamics; additive-manufacturing-
enabled design; stepped-lip bowl; radial-bumps bowl

1. Introduction

Nowadays, the design of a diesel engine combustion system requires a balance among
multiple and conflicting drivers. The compliance with even more stringent emission regu-
lations has to be reconciled with the need of improving fuel economy without deteriorating
durability and reliability. In addition, the customer experience should be guaranteed,
achieving the requirements in terms of vehicle performance while keeping the noise and
vibration under control. Lastly, the effort of balancing these multiple tradeoffs is made
even more difficult by the always compelling need for cost reduction. In this context, the
selection of the market segment target can affect the relative weight of the abovementioned
drivers. There are, indeed, several critical differences between light- and heavy-duty appli-
cations. On one side, the light-duty engines are mainly optimized in operating conditions

Energies 2022, 15, 3799. https://doi.org/10.3390/en15103799 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15103799
https://doi.org/10.3390/en15103799
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-3540-5564
https://orcid.org/0000-0002-5527-9446
https://orcid.org/0000-0003-1524-2101
https://doi.org/10.3390/en15103799
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15103799?type=check_update&version=1


Energies 2022, 15, 3799 2 of 18

in which the spray is unable to deliver a proper turbulence level needed for efficient mixing,
requiring a supply by additional turbulence sources (e.g., swirl motion). On the other side,
heavy-duty engines usually work in high-load conditions, in which most of the energy
needed for the air–fuel mixing is provided by the spray. In recent years, several designs
have been developed for heavy-duty engines, increasing the interaction between the fuel
sprays and the piston bowl walls, thus enhancing the air–fuel mixing.

Among the different designs recently developed, the stepped-lip bowl has been con-
sidered the main alternative to the conventional re-entrant bowl [1–5]. This concept was
implemented by Mercedes Benz on the OM654 engine, highlighting great benefits in terms
of efficiency and soot reduction [6]. In addition, Cornwell and Smith, having a JCB off-
highway diesel engine as a case study, were able to reach the emissions legislation limits
even without any aftertreatment system [1,7]. Specifically, in this design, a chamfered lip is
added to split the fuel into two toroidal vortices, within the bowl and in the squish region,
thus increasing the air–fuel mixing [8]. The improved mixing enables higher exhaust gas
recirculation (EGR) to control the NOx emissions, and in combination with higher injection
pressure, allows significant soot mitigation to be achieved [9]. Considering a similar design,
Busch et al. have analysed the combustion process at different injection timings in [10].
They concluded that a faster mixing-controlled combustion phase (i.e., the 50–90% of mass
fraction burned) can be obtained. This enhanced combustion rate has shown a strong
correlation with the formation of intense toroidal vortices due to the step design, as experi-
mentally evaluated by means of the combustion image velocimetry (CIV) technique by Zha
et al. in [11]. Lastly, the stepped-lip bowl highlighted the great potential in terms of soot
reduction [3,12]. Indeed, the more uniform fuel distribution increases the soot oxidation
rate in the late portion of the combustion process.

Considering the low-swirl heavy-duty diesel engines, the flame to-flame interaction for
the typical open bowl shape [13] dramatically reduces the combustion rate and increases the
soot formation [14]. Therefore, to minimize this effect, Volvo proposed the wave bowl [15],
introducing radial bumps in the outer bowl rim where adjacent flames interact. Thanks
to this novel design, the late-cycle mixing can be improved, providing benefits both in
terms of efficiency and soot emissions [16]. The radial bumps drive the adjacent flames to
collide with a more favourable angle, significantly reducing the formation of rich zones
and enhancing the flame velocity of the so-called radial mixing zone (RMZ) toward the
cylinder axis. Therefore, the air entrainment onto the flame can be improved. Additionally,
after the end of injection, when the RMZ detaches from the wall, the trailing edge of the
flame leads to higher air entrainment, resulting in a faster burn rate [16]. Thanks to the
improved mixing process, a higher mixing-controlled combustion phase was highlighted
with respect to a conventional open bowl shape, gaining up to +1% thermal efficiency [17].
Moreover, the wave bowl has shown a remarkable improvement in the soot–NOx tradeoff
under different partial load operating conditions, providing up to 80% soot reduction [16].
Recently, a radial-bumps bowl was numerically assessed for a light-duty diesel engine [18].
In this case, the higher swirl ratio reduced the intensity of the RMZ propagation, while the
high bowl re-entrance resulted in enhanced flame recirculation toward the piston centre
as a tumbling vortex. In this study, the radial-bumps design led to a strong improvement
of the mixing rate with respect to a conventional re-entrant design. At part-load engine
operating conditions, this resulted in flat soot–NOx and brake-specific fuel consumption
(BSFC)–NOx tradeoffs for different EGR rates, leading to −50% soot and −5% BSFC with
respect to the re-entrant bowl [18].

Nowadays, the possibility to build up innovative piston designs thanks to steel-based
additive manufacturing (AM) procedures has enabled high-complexity and undercut
geometries for further geometrical optimization [19–21]. In this context, the potential syn-
ergies between the stepped-lip and the radial-bumps bowls were experimentally evaluated
by Belgiorno et al. in [21]. In this study, a re-entrant sharp-stepped bowl and a number of
radial bumps equal to the nozzle holes in the inner bowl rim were combined in a single-
piston concept, highlighting an impressive soot reduction without any fuel consumption
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penalties. A similar concept was also investigated by means of both numerical and optical
techniques, showing enhanced air–fuel mixing [22].

Considering all the above, the present study aims to investigate the potential of
two combustion systems, originally developed for the heavy-duty sector, in a light-duty
diesel engine: one based on the stepped-lip bowl and the other featuring radial bumps in
the outer bowl rim. Considering the different engine applications, a detailed investigation
has been performed to highlight the potential benefits of the proposed innovative designs.
In this regard, a sensitivity analysis over different engine calibration parameters has been
performed providing additional insights about the needs of the proposed designs in terms of
engine calibration. With this aim, 3D computational fluid dynamics (3D-CFD) simulations
of the combustion process were carried out, following the already developed 1D-/3D-CFD
coupling methodology presented in [23]. The impact of different calibration parameters
on the proposed piston bowl designs (re-entrant, stepped-lip, and radial-bumps) was
investigated for two engine operating conditions. Firstly, at full load, an injection timing
and swirl ratio sensitivity analysis was carried out. Then, at partial load, different EGR
rates at two rail pressure levels were considered, highlighting the potential benefits in
terms of efficiency and pollutant emissions.

2. Case Study
2.1. Engine Test Case

The analysed engine is a 1.6 L light-duty diesel engine, whose main characteristics are
highlighted in Table 1.

Table 1. Test engine main features.

Cylinders 4
Displacement 1.6 L
Bore × Stroke 79.7 mm × 80.1 mm

Compression ratio 16:1
Turbocharger Single-Stage with Variable Geometry Turbine (VGT)

Fuel injection system Common rail direct injection (CRDI) Max Rail Pressure 2000 bar
Maximum power 100 kW @ 4000 rpm
Maximum torque 320 Nm @ 2000 rpm

The baseline test engine features the conventional re-entrant piston bowl, as shown in
Figure 1—left. Then, two innovative piston bowl designs were investigated: a stepped-lip
(Figure 1—middle) and a radial-bumps (Figure 1—right) bowls. The stepped-lip piston
bowl was designed following the geometrical items reported in [1]. The radial-bumps bowl
was developed by having the re-entrant bowl as a basis and adding a number of radial
bumps in the outer bowl rim equal to the injector nozzle holes, as shown in [15].
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Figure 1. Isometric view of the piston bowl geometries: (left) re-entrant; (middle) stepped-lip;
(right) radial-bumps.

The two novel pistons have the same bore and squish height as the re-entrant bowl.
Then, the piston bowl curvature was adjusted to keep the compression ratio equal to the
nominal value (i.e., 16:1). The resulting bowl profile on the centre of the sector geometry
can be observed in Figure 2, while the dashed green line refers to the bump geometry
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in the sector periphery. Moreover, the injector protrusion was not modified for each
investigated design.
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The analysis was carried out considering two different engine operating conditions,
one at part-load and one at rated power, as listed in Table 2. For these engine operating
conditions, extensive validation of the numerical model for the re-entrant bowl was already
presented in [23], highlighting fairly good agreement both in terms of the combustion
process and emissions prediction.

Table 2. Selected engine working points.

Speed [rpm] BMEP [bar]

1500 5.0
4000 18.5

2.2. Simulation Setup

The 1D-/3D-CFD coupling methodology, which has been developed and validated
in [23], was adopted for the numerical simulations. The main steps of the methodol-
ogy can be summarized as follows: The 1D-CFD complete engine model, developed in
GT-SUITE and validated in [24], provides the time-dependent boundary conditions (i.e.,
thermodynamic and species concentration) for the first 3D-CFD simulation step. This
latter, developed in CONVERGE CFD, is a cold flow simulation that was carried out for
the analysis of the gas exchange process. Then, from the intake valve closure (IVC), the
compression stroke and the combustion were investigated considering only a single sector
of the full-cylinder geometry, which was centred along a single spray axis. For this simula-
tion step, the injection rate profile was provided by the 1D-CFD injector model developed
in [25,26]. In the last step, the 3D-CFD results were post-processed by means of GT-SUITE
to guarantee the same solution methodology of the initial 1D-CFD engine model.

Regarding the 3D-CFD simulations, the Reynolds-averaged Navier–Stokes (RANS)-
based renormalization group (RNG) k-ε model [27] was adopted. For the mesh refinement,
the adaptive mesh refinement (AMR) technique, based on the velocity and temperature
sub-grid criterion, was set [28]. The model settings in terms of mesh size, turbulence, and
heat transfer models are listed in Table 3.

Table 3. Mesh size, turbulence, and heat transfer models.

Base grid 0.5 mm
Minimum grid 0.25 mm (fixed embedding and AMR)

Turbulence model RNG k-εmodel
Heat transfer model O’Rourke and Amsden
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For the spray model, the so-called “blob” injection method was considered and the
breakup of droplets was modelled by means of a calibrated Kelvin Helmholtz and Rayleigh
Taylor (KH-RT) model [29]. The spray sub-models are listed in Table 4.

Table 4. Spray sub-models.

Discharge coefficient model Cv correlation [28]
Breakup model Calibrated KH-RT

Turbulent dispersion O’Rourke model [30]
Collision model No Time Counter (NTC) collision [31]
Drop drag model Dynamic drop drag [32]

Evaporation model Frossling model [30]
Wall film model O’Rourke [33]

For the combustion simulation, the detailed chemistry kinetic solver (SAGE) was
adopted, considering the Skeletal Zeuch mechanism (121 species, 593 reactions) for the
n-heptane oxidation [34]. This reaction mechanism includes the NOx chemistry and the
polycyclic aromatic hydrocarbons (PAH) soot precursor chemistry, thus enabling the partic-
ulate mimic (PM) model for the in-cylinder soot prediction [35–37].

3. Results and Discussion
3.1. Full Load Engine Operating Condition—4000 RPM × 18.5 Bar BMEP
3.1.1. Start of Injection Sensitivity

The injection timing plays a crucial role to maximize the potential benefits of a bowl
design since the injection timing variation results in a different spray targeting which affect
the near-wall flame behaviour. Therefore, the injection timing was swept at the rated power
condition, keeping the injected fuel mass constant, considering the three different proposed
designs. Three different starts of injection (SOIs) were investigated: the nominal SOI for the
re-entrant bowl (baseline) and +5/+10 CAD with respect to the baseline SOI. The results
of the SOI sweep in terms of mass fraction burned data (CA 10, 50, 75, 90) are shown in
Figure 3a.

As expected, the early stages of the combustion process are not affected by the variation
of the bowl design, as shown by CA10 data among the SOI sweeps. The innovative bowl
designs start to influence the combustion process in the mixing-controlled combustion
phase, as highlighted by the CA50 which is slightly advanced for both the stepped-lip
and radial-bumps bowls. The CA75 shows even more evident differences: in fact, the
innovative bowls show advanced combustion with respect to the re-entrant bowl for each
SOI under investigation. During the late phase of the combustion process, the piston bowls
highlight a different behaviour depending on the injection timing. The re-entrant shows
the lowest sensitivity to the injection timing and the CA90 data are quite constant varying
the SOI. Instead, the stepped-lip bowl highlights a remarkable increment of the CA90 by
retarding the SOI. A similar result was experimentally assessed by Bush et al. in [10], in
which the stepped-lip bowl highlighted for retarded SOI a strong increment of CA90 in
comparison with a conventional re-entrant bowl. Indeed, in the late injection phase, the
spray–wall impingement occurs above the step, causing poor air utilization within the bowl,
as also reported in [18]. Regarding the radial-bumps bowl, a higher difference compared
with the re-entrant design is observed for the baseline SOI. Then, moving to retarded SOI,
the deviation from the CA90 of the re-entrant design is reduced. This suggests that the
adoption of radial protrusions in the outer bowl rim provides higher benefits when optimal
spray targeting is considered.
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To better understand the injection timing sensitivity for each piston bowl under inves-
tigation, the duration of the last phase of the mixing-controlled combustion, represented by
CA50-90, was further analysed as shown in Figure 3b. The radial-bumps bowl shows lower
CA50-90 with respect to the re-entrant design for each investigated SOI. However, the
higher deviation with respect to the re-entrant design can be observed for the nominal SOI,
suggesting once again that a proper spray–wall interaction is required to enhance the radial-
bumps benefits. When the stepped-lip design is adopted, retarding the SOI results in higher
combustion duration in comparison with the other investigated designs due to the unbal-
anced fuel splitting on the step. Lastly, the ISFC normalized with respect to baseline engine
configuration was investigated and it is depicted in Figure 3c. The radial-bumps bowl with
the nominal SOI highlights the lowest ISFC, reaching a −3% reduction in comparison with
the baseline re-entrant bowl. The highlighted potential improvement is comparable with
the results obtained for a similar bowl design in a heavy-duty diesel engine application,
as assessed by Zhang et al. in [17]. In this work, higher thermal efficiency (up to +1%)
was experimentally assessed over different high-load engine operating conditions. Similar
behaviour has been found considering the stepped-lip design at nominal SOI, with an ISFC
reduction lower than 1%. Nevertheless, by retarding the SOI the stepped-lip bowl leads to
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a worsening of ISFC with respect to the re-entrant bowl, confirming again the importance
of a proper fuel split on the lip for an efficient combustion process.

To further analyse the injection timing impact on the combustion development among
the piston bowls under investigation, the heat release rate (HRR) was scrutinized for two
different SOIs (nominal and +10 CAD), as shown in Figure 4. For each investigated SOI,
the premixed combustion stage is not significantly affected by the piston bowl design,
confirming the results previously presented in Figure 3 (i.e., CA10). However, moving
ahead in the combustion process, during the mixing-controlled phase, the re-entrant bowl
shows a reduced HRR compared to the stepped-lip and radial-bumps designs. Indeed,
considering the SOIbase (Figure 4—left), from −5 to +5 CAD aTDC, both the stepped-lip and
the radial-bumps bowls lead to higher HRR. In this phase, indeed, the re-entrant bowl has
shown the strongest jet-to-jet interaction and a reduced air–fuel mixing rate with respect to
the other bowls [18]. From +5 CAD aTDC to the end of injection (EOI), the HRR for the
stepped-lip bowl drops below the one obtained with the radial-bumps bowl. At this stage,
the unbalanced fuel split on the step reduces the air utilization within the bowl slowing
down the combustion process [18]. Conversely, the radial-bumps bowl shows the highest
HRR at this stage, due to the improved air–fuel mixing rate thanks to the adoption of radial
bumps [18]. Retarding the SOI (i.e., SOIbase +10 shown in Figure 4—right), as expected,
the main injection premixed combustion is significantly attenuated. From +5 to +15 CAD
aTDC, both the stepped-lip and the radial-bumps bowls show a higher combustion rate.
However, moving ahead in the combustion the higher fuel in the squish region results in
lower air utilization within the bowl, especially for the stepped-lip bowl, and the HRR
reduces its intensity, even lower than the one obtained adopting the re-entrant bowl.
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The combustion system behaviour for the two SOIs in Figure 4 was then further
investigated by looking at the in-cylinder flame evolution. With this aim, the stoichiometric
iso-surface contoured by temperature was considered representative of the flame front, as
shown in Figures 5 and 6 for the SOI base and SOI base +10, respectively. The three different
crank angles, θi, highlighted in Figure 4, are representative of the same degree interval after
the start of injection to properly compare the different SOIs.
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• At θ1 = +18 CAD aSOI
At this stage, the flame/wall interaction plays the main role in the overall combustion
rate. Considering the SOI base, the re-entrant bowl highlights an HRR lower than
the other bowls (see Figure 4) due to the interaction of adjacent flames, as shown
in Figure 5a. Different mechanisms can be instead highlighted for the other designs
under investigation. The stepped-lip bowl shows higher flame propagation above the
step, increasing the air utilization in the squish area, while the radial-bumps bowl
avoids the interaction of adjacent flames, increasing the combustion rate. Retarding
the injection (SOI base +10, Figure 6a), all the bowls under investigation show similar
results with respect to the baseline SOI due to the same piston position (−/+5 CAD
aTDC) and thus similar spray–wall interaction. Therefore, even reducing the ignition
delay, the re-entrant bowl shows the less intense HRR among the proposed designs, as
already depicted in Figure 4.

• At θ2 = +23 CAD aSOI
Moving ahead in the engine cycle, the re-entrant bowl highlights a strong interac-
tion between the adjacent flames for each SOI under investigation. This results in
lower HRR compared with the other bowls (see Figure 4). Considering the SOI base
(Figure 5b), the fuel split on the stepped-lip bowl allows a more even distribution of
the flame downward within the bowl and upward in the squish region, improving
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the air–fuel mixing [18]. Differently, in the radial-bumps bowl, the flames collision is
significantly attenuated and the bumps coupled with the swirling flow enable a flow
recirculation that improves the air–fuel mixing near the tip of the bump [18]. Retarding
the SOI (SOI base +10, Figure 6b), similar results can be observed. Nevertheless, the
more advanced piston position leads to higher flame recirculation in the squish area.
This results in a reduced impact of the bump without completely jeopardizing its
beneficial effect as a flames separator.

• At θ3 = +38 CAD aSOI
Near the EOI of the main injection event, the flame evolution is strongly dependent on
the injection phasing. As shown in Figure 5c, at SOI base, the stepped-lip bowl shows an
intense flame redistribution above the step and the unbalanced split results in a lower
combustion rate, as already highlighted in Figure 4. Retarding the SOI (SOI base +10,
Figure 6c), all the piston bowl designs lead to a remarkable redistribution of the flame
in the squish region. This effect is detrimental, especially for the radial-bumps bowl,
where the reduced flame recirculation within the bowl leads to a lower impact of the
bumps, providing a lower difference among the analysed SOIs than with the re-entrant
design in terms of CA 50-90 (see Figure 3).
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3.1.2. Swirl Ratio Sensitivity

The swirl ratio impact on the proposed combustion chamber has been already inves-
tigated under nonreacting conditions considering the full-cylinder geometry [18]. It is
worth recalling that the stepped-lip bowl highlighted a lower swirl amplification than the
re-entrant bowl due to the reduced squish flow intensity. Differently, the radial-bumps bowl
showed an intense swirl collapse due to the bumps that can break the swirling flow, thus
resulting in higher turbulent kinetic energy within the bowl [18]. To further understand the
swirl impact on the combustion process, a swirl ratio at the IVC equal to zero (hereafter
“zeroed”) was imposed, zeroing the velocity components perpendicular to the cylinder
axis. The HRR and the cumulative heat release (HR) for each investigated swirl ratio (i.e.,
nominal and zero) and combustion system are reported in Figure 7.
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For each combustion system under investigation, the zeroed swirl ratio leads to
reduced air–fuel mixing during the pilot injection event, thus minimizing the over-leaning
of the fuel jet and resulting in more intense pilot combustion. Due to that, the premixed
combustion intensity of the main injection is reduced. Among the investigated piston
geometries, the stepped-lip bowl is less affected by the swirl ratio variation due to its wider
geometry, whose main flow structures are the toroidal vortices in the cylinder axis plane.
Instead, the cumulative HR with the re-entrant and the radial-bumps designs appears
significantly affected by the swirl ratio. In particular, the re-entrant design has comparable
HR with and without swirling flow up to the EOI of the main event. After that, the
zeroed swirl ratio reduces the air–fuel mixing of the residual fuel in the late cycle, and
consequently, the cumulative HR drops down. The HRR for the radial-bumps bowl is
significantly reduced during the injection event in the case of a null swirl ratio. Therefore,
since the radial bumps tend to break the organized swirling motion [18], the radial-bumps
bowl requires a higher swirl ratio to increase the air–fuel mixing rate and achieve a more
efficient combustion process.

The equivalence ratio distribution was investigated to further understand the flow
structures induced by the different swirl ratios for each combustion system under inves-
tigation. Two cutting planes were selected to show the numerical results: the spray axis
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plane and the cylinder axis plane. The equivalence ratio contour plot for the selected planes
and the isoline at the constant temperature equal to 1500 K (black line), which was selected
as representative of the flame front, are shown in Figure 8 for the nominal swirl ratio and
in Figure 9 for the zeroed swirl ratio.

Regarding the nominal swirl ratio, at TDC (Figure 8a), the re-entrant bowl shows an
intense flame-to-flame interaction, while both the stepped-lip and radial-bumps bowls
reduce this counterproductive effect, as already depicted in Figure 5. The stepped-lip
bowl highlights higher flame propagation upward above the step, reducing the flame
propagation in the tangential direction and thereby the collision of two adjacent flames.
Instead, the radial-bumps bowl provides not only a reduced flame-to-flame interaction
but also a different tangential flame propagation along the bowl surface. In particular, the
swirling flow induces an asymmetrical spray–wall interaction and the fuel is driven by the
bump into the consecutive sector, where the high air content enhances the air–fuel mixing.
Considering the absence of swirl motion (Figure 9a), a symmetric spray–wall interaction is
observed for all the investigated geometries, creating a more pronounced radial-mixing
zone (RMZ) in the collision area of two adjacent flames, for the re-entrant and radial-bumps
bowls. Nevertheless, for the radial-bumps bowl, the behaviour of the RMZ is significantly
affected by the geometry of the bump, as also shown in [16]. The fuel plumes are driven by
the bumps tip toward the cylinder centre where the available oxygen improves the air–fuel
mixing onto the flame front. However, the intensity of this recirculation is high only in the
upper-bump region, while in the bottom-bump region the tumbling vortex is the main flow
structure due to the high bowl re-entrance [18]. Therefore, the radial-bumps bowl provides
a more efficient air–fuel mixing with the nominal swirl ratio, since the bumps coupled with
higher swirling flow enable beneficial flow structures.
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After the EOI of the main event (+20 CAD aTDC), the overall air–fuel mixing of the
re-entrant bowl is significantly affected by the swirl ratio. At this stage with the nominal
swirl ratio (Figure 8b), an almost homogeneous equivalence ratio toward the stoichiometric
value can be observed, while removing the swirling flow (Figure 9b) the fuel-rich zones are
still significant. This residual fuel is slowly oxidized, resulting in lower HRR in the late
cycle, as shown in Figure 7. For the stepped-lip bowl, the equivalence ratio distribution
within the bowl is comparable among the two tested swirl ratios. Indeed, the air–fuel
mixing is mainly driven above the step which is slightly affected by the swirling flow. As a
consequence, small differences can be observed in the late-cycle HRR considering different
swirl ratios. Regarding the radial-bumps bowl, the bumps coupled with a higher swirl ratio
continue to play a fundamental role on air–fuel mixing, leading to a more homogeneous
mixture in the late-cycle with respect to the zeroed swirl ratio condition.

To globally characterize the effect of different swirl ratios on the combustion process at
+20 CAD aTDC, the whole cylinder mass was binned by equivalence ratio into ten intervals,
for both the nominal and the zeroed swirl ratio, as highlighted in Figure 10. For each piston
bowl, the nominal swirl ratio shows the mode of the distribution closer to the stoichiometric
range, while a lower cylinder mass fraction is shown in the tails of the distribution, suggest-
ing a faster and more efficient combustion process. Nevertheless, only the radial-bumps
bowl shows a strong sensitivity to the swirl ratio. Indeed, with the nominal swirl ratio,
a higher cylinder mass fraction can be observed in the 0.8–1.2 equivalence ratio range,
increasing the mixture homogeneity towards the stoichiometric value.
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3.2. Partial Load Engine Operating Condition—1500 RPM × 5.0 bar BMEP
EGR and Rail Pressure Sensitivity

At the partial load engine working point, different EGR rates and rail pressure levels
were considered to assess the combustion system sensitivity in terms of fuel consumption
and emissions. Three EGR rates were analysed: the baseline EGR for the re-entrant bowl
and +/−5% with respect to the baseline EGR. The EGR rate was modified by varying the
gas species concentration, evaluating only the different dilution and thermal effects thus
keeping the same volumetric efficiency. Then, for each EGR rate, two rail pressure levels
were considered (i.e., baseline and 50% higher than the baseline). The injection profile
referred to the higher rail pressure was obtained by means of the injector model described
in [25,26]. For each investigated calibration, the energizing time of the main injection was
varied to keep the engine load equal to the one obtained for the baseline configuration (i.e.,
re-entrant bowl–nominal EGR–nominal rail pressure).

Figure 11 shows the EGR and rail pressure sweep analysis results in terms of ISFC,
indicated specific NOx (ISNOx) and soot, each of them normalized with respect to the
value of the baseline engine configuration. Starting from the ISFC under the nominal
rail pressure (solid lines of Figure 11a), both the stepped-lip and the radial-bumps bowls
highlight a reduced ISFC with respect to the re-entrant bowl (−1% and −4% at baseline
EGR, respectively). Interestingly, going towards higher EGR rates, a further reduction in
ISFC compared with the re-entrant bowl can be appreciated for both the innovative bowls,
suggesting higher EGR tolerance due to the improved mixing process. As already assessed
in [18], the radial-bumps design highlights a faster combustion process and the resulting
higher temperature leads to higher NOx production, as also confirmed in Figure 11b.
Nevertheless, a further increase in the EGR rate can be adopted for NOx mitigation due
to the improved EGR tolerance. This is possible thanks to the impressive soot reduction
highlighted by the stepped-lip and radial-bumps bowls with respect to the re-entrant
design (−40% and −60% at baseline EGR), as shown in Figure 11. Additionally, it is worth
noting that the radial-bumps bowl shows a flat trend over the EGR sweep, confirming that
a higher EGR rate can be used for NOx mitigation even without soot penalties. This result
is in line with the flatness of the soot–NOx tradeoff observed for a heavy-duty diesel engine
application that features a similar bowl design [16], confirming the great potential of radial
bumps on soot reduction.
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Once we assessed the combustion systems sensitivity over different EGR rates, the
rail pressure was increased with respect to the nominal condition (+50%) and the results
for the higher rail pressure are reported in Figure 11 with dashed lines. As expected,
increasing the rail pressure, a further improvement of the ISFC can be observed for all the
investigated geometries due to the more intense premixed combustion phase. Nevertheless,
the radial-bumps bowl with the baseline rail pressure still shows lower ISFC than the other
bowls with higher rail pressure. Moreover, the enhanced premixed combustion phase leads
to higher flame temperature, thus increasing the NOx formation. However, the radial-
bumps bowl highlights the lowest NOx increment with respect to the baseline rail pressure.
As far as soot emissions are concerned, the higher rail pressure results in a remarkable
reduction thanks to the enhanced spray atomization that limits the soot formation for each
investigated design. Interestingly, at baseline EGR, the re-entrant bowl with higher rail
pressure shows comparable soot than with the radial-bumps bowl at baseline rail pressure.
Then, the reduction in soot achievable by increasing the rail pressure in the conventional re-
entrant design could be reached in the radial-bumps bowl thanks to the improved mixing,
thus avoiding any worsening in parasitic losses due to the increased power demand of the
high-pressure fuel pump.
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4. Conclusions

This work aims to assess through numerical simulations the influence of different
engine calibration parameters on the combustion process considering three piston bowl
designs for a light-duty diesel engine. The baseline re-entrant design was compared with
two innovative designs, originally developed for heavy-duty applications, named stepped-
lip and radial-bumps bowl. Two operating conditions were considered at high and low
engine load. Firstly, under the rated power condition, the optimal injection timing and
swirl ratio were identified. Then, at the partial load operating point, an EGR sensitivity at
two different rail pressure levels was carried out to assess the impact on engine efficiency
and emissions. The main outcomes of this work can be summarized as follows.

First of all, both innovative designs showed high potential in improving the combus-
tion process highlighting significant benefits in terms of indicated specific fuel consumption
(ISFC) reduction in comparison with the conventional re-entrant geometry. This result is
more evident for the radial-bumps design, thanks to which −3% and −4% ISFC reductions
were achieved at full load and at partial load, respectively. Instead, for the stepped-lip bowl,
a reduced improvement of the ISFC (−1%) was observed for two investigated operating
conditions. In addition, the adoption of the stepped-lip or the radial-bumps designs led to
a noticeable air–fuel mixing enhancement, thus halving the soot emissions in almost all the
analysed operating conditions.

Several sensitivity analyses were carried out to clearly highlight the potential of the
proposed combustion systems.

• As far as the start of injection (SOI) is concerned, the geometry modifications to
enhance the mixing led to a higher impact on the injection timing due to the strong
spray targeting sensitivity. This effect has been clearly highlighted for the stepped-lip
design, in which the strong unbalanced fuel split toward the squish region, resulting
in a less efficient combustion process.

• The analysis of the swirl ratio has clarified significant insights about the need for
the proposed combustion systems in a light-duty engine. In fact, on one side, the
stepped-lip bowl showed a slight impact of the swirl on the combustion rate, since
the mixing process is mainly driven by the two toroidal vortices due to the fuel split
on the step. On the other side, differently from the heavy-duty requirements, the
radial-bumps design in combination with the swirling motion enables an efficient
recirculation of the fuel, remarkably improving the air–fuel mixing rate.

• The analysis at different EGR rates has demonstrated the effect of the improved air–fuel
mixing. Higher EGR tolerance was achieved, significantly reducing the soot emission
and almost flattening the NOx–soot tradeoff, without any detrimental impact on the
engine efficiency. In particular, at baseline EGR, −40% and −60% soot reductions were
obtained by the stepped-lip and radial-bumps bowls, respectively.

Future analysis will be focused on further geometrical optimization with the aim to
combine the potential benefits of these innovative profiles in terms of combustion and
pollutant emissions.
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Abbreviations

AM additive manufacturing
AMR adaptive mesh refinement
BMEP brake mean effective pressure
BSFC brake-specific fuel consumption
CA10 crank angle at 10% of burned mass fraction
CA50 crank angle at 50% of burned mass fraction
CA50-90 duration for 50-90% of burned mass fraction
CA75 crank angle at 75% of burned mass fraction
CA90 crank angle at 90% of burned mass fraction
CAD aSOI crank angle degrees after start of injection
CAD aTDC crank angle degrees after top dead centre
CFD computational fluid dynamics
CIV combustion image velocimetry
CRDI common rail direct injection
EGR exhaust gas recirculation
EOI end of injection
HR heat release
HRR heat release rate
ISFC indicated specific fuel consumption
ISNOx indicated specific NOx
IVC intake valve closure
KH-RT Kelvin Helmholtz and Rayleigh Taylor
NTC no time counter
PAH polycyclic aromatic hydrocarbons
PM particulate mimic
RANS Reynolds-averaged Navier–Stokes
RMZ radial mixing zone
RNG renormalization group
SOI start of injection
TDC top dead centre
VGT variable geometry turbine
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