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1. Introduction

owadays, the transportation sector is facing more

demanding carbon dioxide (CO,) legislative targets

and tighter emissions regulations. The need to comply
with the new standards is pushing the OEMs toward the
exploitation of innovative technologies for cleaner combustion
systems. Regarding diesel engines, several solutions have been
investigated to improve the soot-nitrogen oxides (NO,) trade-
off, such as new combustion modes [1, 2] or the use of alterna-
tive fuels [3, 4]. Moreover, aftertreatment systems such as
Selective Catalytic Reduction (SCR) have shown the capability
to respect even the NO, limits under real-driving conditions
without any remarkable fuel consumption drawbacks [5].
However, the significant production cost could dramatically
affect the future diesel market penetration [6]. Therefore, the
in-cylinder control of pollutant emissions will still play a
fundamental role to reach the regulations while limiting the
engine cost [7 8]. In this scenario, great attention has been
paid to the piston bowl optimization since the improved
flame-to-wall interaction was found to be crucial for higher
engine efficiency and lower pollutant emissions [9].

In the last years, one of the main alternatives to the
conventional re-entrant bowl for a light-duty diesel engine
was represented by the stepped-lip bowl [10]. This bowl
geometry is characterized by the presence of a chamfered lip
instead of the protruding lip used for a re-entrant bowl.
Directing the injected fuel to the chamfered lip, the stepped-
lip bowl can create two counterrotating toroidal vortices,
inward within the bowl and outward in the head/squish
region, enhancing the air/fuel mixing [11]. Thanks to the
improved mixing, the stepped-lip bowl highlighted high toler-
ance to the Exhaust Gas Recirculation (EGR), which can
be adopted for NO, control in combination with higher injec-
tion pressure for soot reduction [12]. Moreover, this concept
had shown high potential to reach the emissions limits even
without any aftertreatment system, as stated by Cornwell and
Smith in [13, 14] for a JCCB off-highway diesel engine.
Recently, a stepped-lip design was implemented in the
Mercedes-Benz OM 654 engine, showing improved engine
efficiency and soot reduction [15]. Nevertheless, the beneficial
flow structures provided by this concept are strictly related
to the spray targeting optimization, as numerically evaluated
in [11]. The flow structures investigation, thanks to the
Combustion Image Velocimetry (CIV), highlighted a strong
correlation between the formation of long-lasting toroidal
vortices due to the stepped lip and the enhanced burn rate in
the late combustion [16]. However, only for a limited range of
injection timing, a faster Heat Release Rate (HRR) in the late
combustion phase can be observed, as shown by Bush et al.
in [17]. Another benefit provided by the stepped-lip bowl is
the reduced heat transfer losses due to the lower bowl surface
and the reduced flame propagation toward the liner [18]. The
fuel split on the step and the formation of dual vortices
provides a more even air/fuel mixing process, fundamental
to improve the soot oxidation rate in the late combustion
phase [19], as also numerically evaluated in [20].

For low-swirl heavy-duty engines, which typically involve
an open bowl shape [21], the flame-to-flame interaction results
in alower combustion rate and higher soot formation [22]. To
overcome this phenomenon, Volvo patented in 2013 the wave-
shaped bowl [23], adding radial protrusions in the regions
where two adjacent flames usually collide. This combustion
system can enhance the late-cycle mixing, as investigated
through numerical and optical techniques by Eismark et al.
in [24]. The radial bumps lead to a different collision angle
between adjacent flames, mitigating the formation of rich
stagnation zones and increasing the flame velocity toward the
cylinder center [24]. Therefore, a more intense Radial Mixing
Zone (RMZ) is formed, which results in higher air mixing
into the leading edge of the flame [24]. Moving ahead in the
combustion process, when the RMZ detaches from the wall,
the trailing edge of the flame highlights more intense air
entrainment, resulting in a faster burn rate [24]. This enhanced
mixing mechanism leads to a higher HRR in the mixing-
controlled combustion phase in comparison with a conven-
tional bowl, and up to 1% thermal efficiency increment can
be gained, as assessed by Zhang et al. in [4]. The wave bowl
effects on the late-cycle soot oxidation rate are even more
relevant. Single-Cylinder Engine (SCE) tests over different
partial-load engine operating conditions have shown an
impressive improvement on soot-NO, trade-off, reaching up
to 80% soot reduction for the wave bowl [24]. Combining the
improved mixing mechanism for the wave bowl with an
oxygenated fuel, a further soot reduction can be obtained,
limiting NO, with a higher EGR rate [25]. Although the wave
concept has shown high potential for reducing both fuel
consumption and soot emissions for a heavy-duty engine,
further analyses are required to understand its impact on
combustion evolution for a light-duty engine. In this case, the
higher SR could reduce the RMZ propagation, while the usual
re-entrant design could cause a higher flame recirculation
toward the piston dome (tumbling vortex). Recently, the
potential benefits of including radial bumps in a light-duty
diesel engine was numerically evaluated [26]. In this work,
the radial-bumps bowl highlighted a higher air/fuel mixing
rate with respect to a conventional re-entrant bowl. At partial-
load engine operating conditions, a flatness in the trade-oft
over an EGR sweep was observed, providing a 50% soot reduc-
tion and 5% Brake-Specific Fuel Consumption (BSFC)
improvement than with the re-entrant bowl [26].

In the last years, the introduction of Additive
Manufacturing (AM) techniques has allowed to exploit the
potential of high complexity and undercut geometries for
further optimization of the piston bowl design [27, 28]. In this
context, the potential of a synergy between the stepped-lip
and radial-bumps bowls, enabled by a steel-based AM tech-
nique, was investigated by Belgiorno et al. in [28]. In this work,
an innovative piston bowl design 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. SCE tests highlighted for this concept an impressive soot
reduction with any detrimental effects on fuel consumption
[28]. The impact of a similar concept on the combustion
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evolution was carried out through a single-cylinder optical
access engine campaign by Pastor et al. in [29, 30]. Introducing
radial bumps leads to higher flame reverse flow and faster
late-cycle oxidation in comparison with the re-entrant bowl
[29]. Moreover, a higher soot oxidation rate in the late combus-
tion phase was observed, at different engine loads, fuel injec-
tion parameters, and EGR rates [30].

Considering the previously mentioned benefits provided
by the optimization of the piston bowl design, this work aims
to assess the potential of a novel piston bowl geometry for a
light-duty diesel engine. In a similar way to the piston bowl
proposed in [28], it combines two crucial features as a stepped
lip and radial protrusions, aiming for higher engine efficiency
and lower soot emissions. The impact of this innovative piston
bowl on the combustion process was carried out through
Computational Fluid Dynamics (CFD) simulations. The simu-
lation methodology was based on an integrated and automated
one-dimensional/three-dimensional (1D-/3D-) CED coupling
methodology, which was widely reported in [31]. The 1D-CFD
models [32, 33, 34] provided the time-dependent boundary
conditions and a reliable injection rate profile, while the
in-cylinder combustion evolution was investigated through
3D-CFD simulations. In the first part of the work, the spray
targeting was optimized over different injector protrusions
and two SR levels. Then the optimal calibration was widely
investigated in terms of near-wall flame evolution and soot
formation/oxidation process for three different engine oper-
ating conditions: one at rated power and two at partial load.
Finally, an EGR rate sweep was carried out under partial-load
operating conditions to understand the combustion system’s
performance in terms of fuel consumption reduction and
pollutant emissions’ formation mitigation.

2. Case Study

2.1. Test Engine

The numerical analysis was carried out having as a case study;,
a diesel engine developed for passenger car applications whose
main characteristics are listed in Table 1. It is a four-cylinder
turbocharged compression ignition engine and features a

TABLE 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

Turbocharger Single-stage with variable geometry

turbine (VGT)

Common rail

Max rail pressure 2000 bar
100 kW at 4000 RPM

320 Nm at 2000 RPM

Fuel injection system

Maximum power
Maximum torque
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m Piston bowl geometries under investigation. Left:
re-entrant; right: hybrid.

state-of-the-art common rail fuel injection system with the
latest generation eight-hole solenoid injector able to reach a
maximum rail pressure of 2000 bar.

To assess the potential of the new innovative bowl, it has
been compared with the baseline combustion system, a
conventional re-entrant bowl design, as shown in Figure 1,
left. On the other side, the innovative piston bowl (hereinafter
named as “hybrid”) features an annular step and a number
of radial bumps in the inner bowl rim equal to the injector
nozzle holes, as shown in Figure 1, right. For this latter bowl
design, a reduced compression ratio (i.e., 15:1) was considered
keeping the bore and squish height equal to the ones of the
re-entrant design. As widely investigated in [28], a steel-based
AM technique was selected to build up the hybrid bowl due
to the high level of geometrical complexity and the durability
needs for a diesel engine application. The lattice structure of
the oil gallery, designed as an open-cell frame, provided the
best results in terms of oil recirculation and lightweighting
[28]. Moreover, thanks to AM approach, the inner area of the
piston was topologically optimized [28].

Three different engine working points (WP), reported in
Table 2, were selected for the analysis: two partial-loads oper-
ating conditions (WP1, WP2) were considered since they are
representative of a typical type-approval driving cycle engine
conditions, while WP3 was analyzed to evaluate the proposed
innovative bowl design at rated power.

TABLE 2 Selected engine working points.

Speed [RPM] BMEP [bar]

WP1 1500 5.0
WP2 2000 8.0
WP3 4000 18.5

© Politecnico di Torino
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2.2. Simulation Setup

The simulation methodology was based on a previously devel-
oped and validated 1D-/3D-CFD codes coupling, widely
described in [31]. The 1D-CFD complete engine model, built
in GT-SUITE and validated in [32], provided the time-depen-
dent boundary conditions (pressure, temperature, and species
concentration) at the intake and exhaust ports for the first
step of the multidimensional simulation, named “cold flow.”
This analysis, performed in CONVERGE CFD, was used to
analyze both the in-cylinder flow field and the thermody-
namic conditions during the gas exchange process. Then,
starting from the Intake Valve Closure (IVC), the compression
stroke and the combustion processes were simulated consid-
ering only a single sector of the full-cylinder geometry
centered along a single spray axis. The injection rate profile
was provided by a previously developed 1D-CFD injector
model [33, 34], which requires as inputs the rail pressure and
the energizing and dwell times. In the last step of the meth-
odology, the 3D-CFD combustion results were post-processed
in a GT-SUITE environment to guarantee the same solution
methodology of the initial 1D-CFD complete engine model.

Regarding 3D-CFD combustion simulation, a base grid
size of 0.50 mm for all directions was selected, while a
minimum grid size of 0.25 mm was considered. Indeed,
thanks to permanent Adaptive Mesh Refinement (AMR), an
additional grid refinement was considered, depending on the
curvature (second derivative) in specific field variables (i.e.,
velocity and temperature) [35]. In addition, a single level of
fixed embedding technique was set for the injector cone angle
to properly resolve the fuel spray. For spatial discretization, a
second-order central difference scheme was adopted, while,
for temporal discretization, a first-order implicit Euler scheme
was considered to maintain stability. The conservation equa-
tions were solved through the PISO (Pressure-Implicit with
Splitting of Operators) algorithm of Issa [36] and the Rhie-
Chow scheme for pressure-velocity coupling [37]. As far as
turbulence modeling is concerned, the Reynolds-averaged
Navier-Stokes (RANS)-based Renormalization Group (RNG)
k-& model [38] was adopted, thus guaranteeing the effects of
flame-induced compression, expansion, and rapid strain on
the turbulent quantities [39]. The law-of-walls approach with
standard wall functions was used for the kinematic and
thermal description of the boundary layers [40]. Moreover,
the turbulent heat transfer was modeled utilizing the O’Rourke
and Amsden model [41].

The spray model was based on the “blob” injection
method [42], and the breakup of droplets was modeled using
a calibrated Kelvin-Helmholtz and Rayleigh-Taylor (KH-RT)
model [42]. An overview of the spray submodels adopted in
the simulation setup is reported in Table 3.

The SAGE detailed chemistry was adopted as a combus-
tion model, featuring the Skeletal Zeuch reaction mechanism
for N-Heptane oxidation (121 species, 593 reactions) [47]. This
reaction scheme implements the Polycyclic Aromatic
Hydrocarbons (PAH) soot precursor chemistry, thus enabling
the Particulate Mimic (PM) soot model for the in-cylinder

TABLE 3 Spray submodels.

Discharge coefficient model
Breakup model

Turbulent dispersion
Collision model

Cv correlation [35]
Calibrated KH-RT
O’Rourke model [43]

No Time Counter (NTC)
collision [44]

Dynamic drop drag [45]
Frossling model [43]
O’Rourke [46]

Drop drag model
Evaporation model
Wall film model

© Politecnico di Torino

soot mass prediction [48, 49, 50], while the NO, reactions are
embedded in the chemistry scheme.

3. Numerical Analysis

3.1. Spray Targeting
Optimization

To properly evaluate the potential of the innovative piston
bowl design, the spray targeting optimization was performed
by changing the injector protrusion to minimize both the
engine-out soot emissions and fuel consumption. NO, emis-
sions were not considered at this stage since the expected
low-soot potential could increase the EGR tolerance, thus
keeping the NO, level under control. Therefore, the same
engine calibration of the baseline re-entrant bowl in terms of
boost pressure, EGR rate, and injection parameters was
considered. In addition, two different SR levels were tested
(i.e., baseline and half) to identify the best coupling among
the swirling flow and the flow structures induced by the radial
bumps. As depicted in Figure 2, four injector protrusions were
tested: the nominal protrusion, equal to the one adopted in
the baseline combustion system (0) and 1 mm and 2 mm below
(-1, =2, respectively) and lmm above (+1) the nominal
position. The spray targeting optimization was carried out at
rated power condition (WP3 in Table 2), and the optimal
configuration was then validated at partial load (WP1).
Soot-Brake-Specific NO, (BSNO,) and BSFC-BSNO,
trade-offs for the WP3 are depicted in Figure 3, top and
bottom, respectively. The results were normalized with respect

IETILIED injector protrusions for spray

targeting optimization.
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m Injector protrusion sensitivity for two SR levels:
normalized trade-offs with respect to the baseline
configuration. Top: soot-BSNO, trade-off; bottom: BSFC-
BSNO, trade-off. WP3: 4000 RPM x 18.5 bar BMEP.
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to the baseline engine configuration (i.e., re-entrant bowl,
nominal injector protrusion, nominal SR). At nominal SR,
the hybrid bowl highlights a remarkable sensitivity to the
injector protrusion especially in the soot-BSNO, trade-off:
adopting the nominal protrusion, the hybrid bowl provides
the highest soot reduction (—40% in comparison with the
re-entrant bowl), while moving to different injector protru-
sions results in higher soot. More specifically, not only when
the injector protrusion is equal to +1 mm (+1) but also consid-
ering a more protrusive injector tip (—2, —1), at constant start
of the main injection, the fuel split on the step becomes unbal-
anced, significantly increasing the soot formation up to six
times higher soot in comparison with the re-entrant bowl.
The unbalanced fuel split has a noticeable influence on the
mixing-controlled combustion, leading to an engine efficiency
worsening. The optimal configuration is provided by the
nominal injector protrusion (0), thanks to which a 2% reduc-
tion in BSFC with respect to the re-entrant bowl is achieved.
Moreover, in halving the SR, the trade-off results are
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noticeably affected with an overall reduction of both the NO,
emissions and soot-BSFC sensitivity. Also, in this case, the
nominal configuration has provided the best results among
the different injector protrusions; however, if compared with
the baseline re-entrant combustion system, two times higher
soot and +3% higher BSFC were obtained. Therefore, even
considering the strong interaction between the radial bumps
and the swirling flow [26], the hybrid bowl requires higher SR
to increase the air/fuel mixing rate for a more efficient
combustion process.

To further understand the injector protrusion sensitivity
upon the combustion process, a fuel-rich mass index was
defined as the cylinder mass with an equivalence ratio higher
than 1.5 divided by the entire cylinder mass, following
Equation 1. In this way, this cylinder rich mass fraction
provides an index of the soot emission formation due to the
rich mixture combustion.

Cylinder mass

equiv ratio>1.5

Cylinder rich mass fraction =

Cylinder mass
Eq. (1)

This index was computed considering both the whole
combustion chamber and a reduced cylinder domain as the
volume below the horizontal plane cutting the step at TDC.
Thanks to the latter, quantitative information concerning the
fuel split and its impact on the combustion and emissions
formation processes can be detected. The results of the analysis
were reported in Figure 5 for the three different crank angle
degrees (CAD) during the injection event shown in Figure 4.

At the top dead center (TDC) [Figure 5(a)], the total
cylinder rich mass is comparable over the different injector
protrusions, suggesting a similar air/fuel mixing rate although
the different fuels split on the step. Indeed, focusing on the
cylinder rich mass below the step, a significant variation can
be observed among the injector protrusions, moving from
almost 100% (injector protrusion, —2) to 20% (injector protru-
sion, +1) of the total cylinder rich mass. As highlighted in
Figure 3, the best results both in terms of soot and BSFC were
obtained with the nominal injector protrusion, where the
optimal fuel split (50% of the total cylinder rich mass is below

IR injection rate profile and CAD for injector
protrusion sensitivity. WP3: 4000 RPM x 18.5 bar BMEP.
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m 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.
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the step) can be observed. Moving ahead in the injection event,
at +5 CAD aTDC, the injection protrusions —2 and —1 show
higher cylinder rich mass, mainly placed below the step. This
unbalanced fuel split above and below the step, on one hand,
creates a rich distribution within the bowl, thus promoting
soot formation and, on the other hand, reduces the air utiliza-
tion in the squish region, decreasing the combustion rate. The
lowest injector protrusion (+1), even without optimal fuel split,
shows a total cylinder rich mass comparable with the nominal

© Politecnico di Torino

injector protrusion, suggesting a similar oxidation rate. Close
to the End of Injection (EOI), at +15 CAD aTDC, differences
among the tested injector protrusions become more evident.
The —2 and —1 injector protrusions show a dramatic increment
of the cylinder rich mass leading to higher soot formation
below the step, as already highlighted in Figure 3. Moreover,
the higher residual fuel, especially below the step, extends the
combustion duration leading to higher BSFC than with the
nominal protrusion. Reducing the injector protrusion (+1),
the total cylinder rich mass rises over the value obtained for
the nominal injector protrusion and the fuel split results
unbalanced between the abovementioned cylinder domains
(total cylinder and below the step volumes). Indeed, the higher
fuel concentration above the step can be slowly and not effi-
ciently oxidized, leading to a higher soot content and longer
combustion duration.

To better highlight the fuel split on the step, assessing
the spray-wall interaction and its effect on flame evolution,
the equivalence ratio distribution during the injection event
(at the three different CAD already showed in Figure 4) was
analyzed in Figure 6. This latter shows, for each injector
protrusion under investigation, the equivalence ratio contour
plot on a vertical plane including the cylinder and spray axes,
and the isoline at a constant temperature equal to 1500 K
(black line), which was selected as representative of the flame
front. At TDC [Figure 6(a)], the flame front with the most
protrusive injector tip (—2) mainly propagates toward the
cylinder axis due to the spray targeting below the step,
increasing the air entrainment, thanks to the higher oxygen
content placed near the cylinder axis. Decreasing the injector
protrusion results in higher flame redistribution above the
step and thereby in higher air utilization in the squish region.
Therefore, at this stage, although the different fuels split by
varying the injector protrusion, similar air utilization is
observed pushing the flame toward the cylinder center or in
the squish region, confirming the trends highlighted in
Figure 5(a). The differences among the injector protrusions
become more evident at +5 CAD aTDC [Figure 6(b)].
Adopting the —2, —1 injector protrusion results in poor air
utilization in the squish region, as highlighted by the unbal-
anced split in Figure 5(b). The oxygen content in the dome
region is significantly reduced due to the faster flame recir-
culation toward the piston center (reverse flow). In addition,
the flame reverse flow strongly interacts with the spray core,
further increasing the cylinder rich mass. The nominal
injector protrusion leads to a balanced fuel split on the step,
optimizing the air utilization inward within the bowl volume
and upward above the step. Moreover, the interaction
between the reverse flow and the spray core is avoided.
Reducing the injector protrusion (+1), the flame is pushed
upward above the step where higher air utilization can
be observed while reducing the oxidation process within the
bowl in comparison with the nominal protrusion. Moving
toward the EOI, at +15 CAD aTDC, the highest injector
protrusions (—2, —1) show a higher rich mass within the bowl
than with the nominal protrusion, dramatically increasing
the soot formation in the piston dome, without using the
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m Equivalence ratio contour plot on the selected vertical plane, for each injector protrusion under investigation with
nominal SR. Black line: isoline at a constant temperature equal to 1500 K. WP3: 4000 RPM x 18.5 bar BMEP.
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available oxygen content in the squish region. On the other
side, reducing the injector protrusion, the fuel jet is mainly
directed above the step toward the cylinder head where the
absence of available oxygen could result in a higher
soot formation.

To further understand the effect of different SRs on the
combustion process, as already shown in Figure 3, the equiv-
alence ratio distribution for the nominal injector protrusion
at +15 CAD aTDC was analyzed and is reported in Figure 7.

IR Equivalence ratio bins distribution for the
nominal injector protrusion at +15 CAD aTDC. WP3: 4000 RPM
% 18.5 bar BMEP.

15 CAD aTDC
0.15 T T T T T T T T T T

MW Baseline swirl
O Reduced swirl
|

0.10

0 02 04 0.6 0.8 1.2 14 1.6 1.8 2
Equlvalence ratio [-]

Cylinder mass fraction [-]

© Politecnico di Torino

The total cylinder mass was binned by equivalence ratio into
twenty intervals, starting from 0+0.1 bin that corresponds
to pure ambient gas, for both the baseline and the reduced
SR. Differently from the latter, the nominal SR shows the
mode of the distribution closer to the stoichiometric range,
while a reduced cylinder mass fraction can be observed in
the tails of the distribution (0.1+0.4 and 1.5+2 equivalence
ratio bins). Therefore, the distribution obtained with the
baseline SR suggests a faster and more efficient combustion
process, and lower soot, thanks to the reduced cylinder mass
fraction at a high equivalence ratio, thus confirming the
trade-oft results in Figure 3. The red dashed line in Figure 7
represents an equivalence ratio equal to 1.5, already selected
in Equation 1 as a tracer for the cylinder rich mass fraction.
The reduced swirl highlights a higher cylinder mass fraction
in the 1.5+2 equivalence ratio bins, thus being more prone
to soot formation.

Extending the analysis at partial-load engine oper-
ating conditions (WP1), similar trends were obtained, as
shown in Figure 8. In this case, once the benefit of more
intense swirling flow at rated power was assessed, only
the baseline SR was considered. Also at partial load, the
hybrid bowl with the nominal protrusion provides a
noticeable soot reduction (—70%) than with the re-entrant
bowl, coupled with a slight improvement of BSFC (lower
than 1%).

The spray targeting optimization has identified the best
solution both for partial- and full-load engine operating
conditions. Therefore, unless otherwise noted, in the following
analysis, the hybrid bowl will feature nominal injector protru-
sion and SR.
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m Injector protrusion sensitivity for the nominal SR:
normalized trade-offs with respect to the baseline
configuration. Top: soot-BSNO, trade-off; bottom: BSFC-
BSNO, trade-off. WP1: 1500 RPM x 5.0 bar BMEP.
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3.2. Combustion Analysis

Full-Load Engine Operating Condition
(WP3) Once the optimal configuration in terms of injec-
tion protrusion and SR was assessed, the combustion systems’
effects on the combustion development were investigated.
To do this, the HRR and the injection rate profile for each
combustion system are depicted in Figure 9. During the free
spray development (from —20 CAD to —5 CAD aTDC), the
piston bowl geometry slightly affects the combustion process
and comparable HRR can be observed for both the combus-
tion systems. Moving toward the TDC, the hybrid bowl
shows a higher HRR in comparison with the re-entrant bowl,
but they become again similar close to the EOI. At this stage,
the high fuel concentration above the step reduces the air
utilization within the bowl. Moving ahead in the cycle, after
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m HRR and injection rate profile. WP3: 4000 RPM
x18.5 bar BMEP.
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the EOI, the re-entrant bowl highlights a higher HRR than
with the hybrid bowl due to the higher residual fuel to
be burned.

To further understand the near-wall flame development,
the equivalence ratio distribution was investigated during the
main injection event and is shown in Figure 10 for both the
baseline re-entrant and the innovative hybrid bowls. Three
horizontal planes, parallel to the cylinder head, were selected
to represent the numerical results. Referring to the hybrid
bowl, the plane Z1 corresponds to the step, while the planes
Z2 and plane Z3 are in the radial bump region (low curvature,
low depth upper-bump and high curvature, and high depth
bottom-bump regions, respectively). Moreover, a two-sector
representation was chosen to better identify the flame evolu-
tion of two adjacent jets on the radial bump region. Considering
the step region [Figure 10(a)], the re-entrant bowl shows a
stronger flame-to-flame interaction, leading to a higher loss
of kinetics, as also stated in [24]. On the contrary, the hybrid
bowl mitigates the collision of adjacent flames since the fuel
jet momentum redistribution above and below the step
reduces the tangential velocity of the flame over the bowl
surface. In the upper-bump region [Figure 10(b)], the radial
bumps dramatically affect the flame evolution: they simulta-
neously minimize the flame-to-flame interaction and drives
the flame front toward the cylinder axis and downward the
bump tip into the consecutive sector where high oxygen
concentration is present, as shown by the black dashed arrow.
Therefore, higher air entrainment onto the flame front can
be expected, thus increasing the combustion rate as high-
lighted in the HRR in Figure 9. Moving to the bottom-bump
region [Figure 10(c)], the differences between the combustion
systems become even more evident. Indeed the re-entrant
bowl highlights a strong interaction between the adjacent
flames, resulting in a single merged flame front, thus limiting
the oxidation rate and fostering the soot emission formation.
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IGIEIETEREY Equivalence ratio contour plot at TDC on the
selected cutting planes Z1 (@), Z2 (b), and Z3 (c). Black line:

isoline at a constant temperature equal to 1500 K. Left: re-
entrant; right: hybrid. WP3: 4000 RPM x 18.5 bar BMEP.
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Instead, the hybrid bowl avoids the flames collision, thanks
to the bottom-bump geometry, where each flame front appears
well separated by the radial bumps. Therefore, the surrounding
oxygen can be efficiently mixed, resulting in a faster
combustion process.

Partial-Load Engine Operating Condition
(WP1) The beneficial effects on the combustion process
thanks to the hybrid bowl were also investigated under partial-
load operating conditions, 1500 RPM x 5.0 bar BMEP (WPI in
Table 2). The results in terms of HRR for each combustion
system under investigation are shown in Figure 11. The
re-entrant bowl highlights a higher premixed main combus-
tion phase near the TDC. Indeed the higher SR obtained with
the baseline re-entrant bowl [26] impacts the spray
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m HRR and injection rate profile. WP1:1500 RPM x
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development, reducing the flame impingement on the bowl
surface and increasing the air-fuel mixing. This results in a
lower loss of kinetics, increasing the combustion rate, as also
stated in [24]. Nevertheless, after the main EOI, when the
flame-to-flame interaction affects the combustion of the
re-entrant design reducing the combustion rate, the hybrid
bowl minimizes this counterproductive effect and the HRR
rises over than with the re-entrant bowl. This becomes even
more evident during the after-injection burn-out when the
hybrid bowl continues to show higher HRR, thanks to the fuel
split on the step that increases the fuel concentration in the
squish area enhancing the air utilization, as also reported by
Dolak et al. in [51].

To further understand the piston bowl geometry effects
on the combustion process, the equivalence ratio distribution
was investigated. Figure 12 shows the equivalence ratio
contour plot at +10 CAD aTDC on the same cutting planes
highlighted in Figure 10. Considering the step region [Figure
12(a)], as also assessed for WP3, the hybrid design evinces
reduced tangential velocity over the bowl surface and provides
lower flames interaction. Moreover, the higher dome curva-
ture increases the upward velocity of the tumbling vortex
induced by the reverse flow. Indeed the flame is moved toward
the cylinder head, as highlighted by the flame cloud close to
the center of the bowl. In the upper-bump region [Figure
12(b)], the re-entrant bowl shows an intense flames collision
area near the bowl surface. The resulting rich pockets dramati-
cally reduce the oxidation rate onto the flame front and high
soot emission is expected. On the contrary, the radial bumps
of the hybrid bowl are effective in reducing the flame-to-flame
interaction and in moving the fuel toward the cylinder axis
enhancing the so-called RMZ, beneficial for soot emissions
and efficiency. The advanced flame toward the piston dome is
driven by the reverse flow that becomes more intense since
the radial bumps break the macro swirling flow, as also
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IGTILIREY Eauivalence ratio contour plot at +10 CAD aTDC
on the selected cutting planes Z1 @), Z2 (b), and Z3 (c). Black
line: isoline at a constant temperature equal to 1500 K. Left: re-
entrant; right: hybrid. WP1: 1500 RPM x 5.0 bar BMEP.
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reported in [26]. Moving in the bottom-bump region [Figure
12(c)], the re-entrant bowl shows two merged adjacent flames,
remarkably increasing the equivalence ratio in the periphery
of the sectors, where higher soot formation is thus expected.
Contrarily, the hybrid bowl drives the flame toward the center
of the bowl, keeping the flames separated, better utilizing the
available oxygen, and avoiding extremely rich regions in the
periphery of the sectors.

Once evaluated the equivalence ratio distribution, the
effect of the combustion systems on the soot formation and
oxidation process was investigated thanks to the detailed PM
soot model adopted in the numerical setup. The results in
terms of soot mass and net soot formation rate are shown in
Figure 13, top and bottom, respectively. After the main EOI,
the hybrid bowl shows a reduced net soot formation rate and
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m 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.

[
—Re-entrant | |
— Hybrid }
-1R \

|
|

Injection rate [AU]

0.5 ———
0.4+ ‘
03}
0.2
0.1}
0.0
—0.1f

—-0.2 : :
-20 =10 0

Net soot formation rate [pg/deg]

10 20 30
Crank angle [deg]

40 50 60

consequently lower soot mass than with the re-entrant bowl
thanks to the minimization of the flame-to-flame interaction
and the increment of the air entrainment onto the flame
front, enabled by the coupling effect of stepped lip and radial
bumps. Moving ahead in the combustion process (from the
after EOI to +35 CAD aTDC), when the burn-out of the
residual rich pockets is crucial for soot oxidation, the hybrid
bowl highlights a higher oxidation rate than the
re-entrant bowl.

The hybrid bowl has shown a noticeable reduction of
the engine-out soot emissions, and therefore, a deeper
investigation on soot mass distribution in the cylinder
domain was carried out. Specifically, the computational
domain was divided into classes (or bins) accordingly to
the soot mass density of each cell and considering the
maximum soot density obtained with the re-entrant bowl
as a reference. The in-cylinder mass with a soot density
between 20% and 40% of the maximum value (Bin #1) was
considered as representative of a low-soot density class,
while the mass within 60-80% of the maximum soot density
value (Bin #2) was selected to represent the high-soot
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m Bin #1 (blue) and Bin #2 (red) soot density iso-
surfaces. Left: re-entrant; right: hybrid. WP1: 1500 RPM x 5.0
bar BMEP.
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density class. Figure 14 shows Bin #1 (blue) and Bin #2 (red)
soot density iso-surfaces during the combustion process
for both the combustion systems under investigation, at
two different crank angles, #jand 6,, highlighted in Figure
13. At 0 = 0, after the main EOI [Figure 14(a)], the re-entrant
bowl shows a larger red zone into the periphery of the
sectors due to the flame-to-flame interaction previously
discussed. On the contrary, the radial bumps on the hybrid
bowl mitigate the flames collision, and a lower soot density
can be observed in the periphery of the sectors, providing
instead the highest soot content in the region between two
consecutive bumps. Moreover, the fuel split on the step
promotes the combustion in the squish region, thus high-
lighting a cloud of low-soot density. Late in the cycle, at
0 = 0,, both the combustion systems have oxidized the high-
soot density mass, as highlighted in Figure 14(b); however,
the re-entrant bowl still shows higher soot mass within the
bowl in comparison with the hybrid design. In fact, on one
side, the radial bumps coupled with a reduced SR leads to
higher flame recirculation toward the piston dome where
available oxygen is present; on the other side, the higher
bowl curvature drives the flame toward the cylinder head,
creating a more intense tumbling vortex that enhances the
mixing into the flame front and thereby the soot oxidation.

In addition, the soot mass above the step previously under-
lined results fully oxidized.

Once the different soot evolutions and their distribution
in the combustion systems under investigation were assessed,
an EGR rate sweep was performed to assess the EGR tolerance
over the well-known soot-BSNO, and BSFC-BSNO, trade-
offs. From the simulation setup point of view, the EGR rate
was modified by varying the gas species fraction within the
combustion chamber at IVC, thus considering only the
thermal and dilution effects of EGR, keeping the constant
volumetric efficiency. In addition, the injection strategy (i.e.,
energizing and dwell times, rail pressure) was kept constant
and equal to the baseline calibration over the EGR sweep.
Figure 15 shows the soot-BSNO, (top) and BSFC-BSNO,
(bottom) trade-offs normalized with respect to the baseline
configuration (i.e., re-entrant bowl, nominal EGR rate). It is
worth underlining the noticeable soot reduction achieved by
the hybrid bowl in comparison with the re-entrant design,
highlighting the desirable flatness in the trade-oft that allows
the NO, control through EGR without any soot penalty. At
constant BSNO, equal to the baseline value, the hybrid bowl
achieves a 70% soot reduction than with the re-entrant bowl,
confirming the high potential of the synergy between the
stepped lip and the radial bumps for soot mitigation. As far
as the BSFC-BSNO, trade-off is concerned (Figure 15,
bottom), similar trends can be highlighted between the
analyzed combustion systems. The hybrid bowl leads to a
slight BSFC reduction (less than 1% under the nominal EGR
rate), but the results become more interesting at a high EGR
rate. The improved mixing process, enabled by the combina-
tion of stepped lip and radial bumps, allows an EGR incre-
ment to keep NO, under control, with a negligible BSFC
worsening (<+1%).

Partial-Load Engine Operating Condition
(WP2) The potential benefits in terms of air/fuel mixing
enhancement and emission formation mitigation provided
by the hybrid bowl were also investigated at 2000 RPM x 8.0
bar BMEP (WP2 in Table 2). As already done for the other
engine operating conditions, the results in terms of HRR for
each piston bowl are shown in Figure 16. At the Start of
Combustion, the re-entrant design shows a more intense
pilot combustion, thanks to the higher swirling flow in
comparison with the hybrid bowl that allows an enhanced
air/fuel mixing in the free spray development. However, near
the main event EOI, when the flame-wall interaction
phenomena become more important, the hybrid bowl high-
lights a higher heat release, and the difference between the
piston bowls is even more evident than for WP1 due to the
increased injected mass.

The equivalence ratio distribution at WP2 on the selected
three cutting planes has shown similar behavior than for WP1.
Also considering higher load operating conditions, with the
hybrid bowl, a reduced flame-to-flame interaction was
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m EGR sweep: normalized trade-offs with respect
to the baseline configuration. Top: soot-BSNO, trade-off;

bottom: BSFC-BSNO, trade-off. WP1: 1500 RPM x 5.0
bar BMEP.
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observed, while a more advanced flame propagation toward
the bowl center was highlighted due to the more intense
tumbling vortex. For the sake of brevity, the equivalence ratio
distribution is not reported here.

However, the retarded injection timing and the higher
after injection mass in comparison with WPI could affect
the soot oxidation process; therefore, a deeper investigation
on soot evolution was carried out. Figure 17 shows the soot
mass and net soot formation rate for each combustion system
under investigation. After the main EOI, the hybrid bowl
highlights a lower soot due to the reduced net soot formation
rate. Nevertheless, the soot attenuation with respect to the
WPI is reduced since the higher injected mass for the main
event after TDC results in a higher fuel concentration above
the step, where a higher soot mass is expected. Moving ahead
in the cycle, from +15 CAD to +30 CAD aTDC, the soot
oxidation process is significantly affected by the after-injec-
tion burn-out, and a different behavior can be highlighted
among the combustion systems under investigation. The
re-entrant bowl shows a continuous reduction in the net soot
formation rate, as depicted in Figure 17, bottom. Contrarily,
the hybrid bowl shows a “two-phase” trend in the net soot
formation rate. Firstly, a stable phase can be observed since
the soot oxidation is slowed down by the higher soot forma-
tion due to the after-injection burn-out. However, at this
stage the hybrid bowl still shows a lower net soot formation
rate than with the re-entrant bowl, thus confirming the
efficacy of the proposed design. After that, the net soot
formation rate of the hybrid bowl decreases, reaching a
similar value to the re-entrant bowl.

More details concerning the in-cylinder soot forma-
tion can be highlighted by evaluating the soot density
distribution, following the same methodology described
for WPI. Figure 18 shows low-soot density (Bin #1, blue)
and high-soot density (Bin #2, red) classes iso-surfaces at
two different crank angles, 6,and 6,, highlighted in Figure
17. As already shown for WP1, at 6 = 6, after the main EOI
[Figure 18(a)], the re-entrant bowl shows a more intense
high-soot density content in the periphery of the sectors
due to the flame-to-flame interaction. On the contrary,
two different high-soot density regions can be highlighted
for the hybrid bowl: on one side, the enhanced tumbling
vortex directs the rich fuel region toward the piston
center, reducing the net soot formation rate (see Figure
17, bottom) thanks to the higher air entrainment. On the
other side, the fuel split on the step pushes fuel in the
squish region increasing the soot formation, and this
effect is even more evident than WP1 due to the higher
injected mass after TDC. During the after-injection burn-
out, at 8 = 6,, the combustion systems show a different
behavior [Figure 18(b)]. In the re-entrant bowl, the after-
injection impinges on the piston bowl rim, limiting the
propagation in the squish region, and high soot formation
is highlighted in the jet periphery, as shown within the
black dashed circles. For the hybrid bowl, the more intense
recirculating flow toward the cylinder center strongly
interacts with the after-injection spray core. This flame’s
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m 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.

0, 6,

15 ‘|

— Re-entrant \

12 1 |- Hybrid E
—_ -IR pry
297 g
e =
g 6t :

D

) =

W 25 — l
g |
3 207t ‘ 1
g 157 ‘ 1
s \
= 101 ‘ 1
& \
s 05 1
g |
g £ 00
.g) 3—1.0 . A | . . 3 j
2 g =20 -1 0 10 20 30 40 50 60
P Crank angle [deg]

IGEEEREY Bin #1 (blue) and Bin #2 (red) soot density iso-
surfaces. Left: re-entrant; right: hybrid. WP2: 2000 RPM x 8.0

bar BMEP.

Re-entrant
14 CAD aTDC

—

Re-entrant

Hybrid
23 CAD aTDC 23G

D aTDC

(b)

Soot mass density [g/m3]

Soot mass density [g/m3]

056 1.12 168 224 056 112 1.68 224

interaction increases the rich mass and thus the soot
formation, resulting in the stable phase of the net soot
formation rate previously assessed (see Figure 17, bottom).
Nevertheless, the after-injection propagates and burns
above the step (as highlighted by the black dashed circles),
enhancing the local temperature distribution and, thus,
being helpful for the oxidation of the high-soot density
region previously highlighted.

Figure 19 shows the typical soot-BSNO, and BSFC-
BSNO, trade-ofts curves for the EGR sweep at WP2, normal-
ized with respect to the baseline configuration (i.e.,
re-entrant bowl, nominal EGR rate). As for WP1, the hybrid
bowl shows a remarkable improvement of soot-BSNO,
trade-off, with a soot reduction of 70% at baseline BSNO,
level, linked to a slight BSFC improvement (—1%). The
assessment at WP2 confirms the potential benefits of this
innovative hybrid bowl for soot mitigation, already high-
lighted at rated power (WP3) and partial-load (WP1) engine
operating conditions.

4. Conclusions

This work aims to assess through numerical simulations,
the effects on the combustion process of an innovative
AM-enabled piston bowl, named “hybrid,” featuring both
a highly-reentrant sharp-stepped bowl and a number of
radial bumps in the inner bowl rim equal to the injector
nozzle holes. This innovative hybrid bowl was designed for
alight-duty diesel engine and was compared with a conven-
tional re-entrant bowl, under different engine operating
conditions. Firstly, for the hybrid bowl, the spray targeting
optimization was carried out over different injector protru-
sions and two SR levels. Once the optimal combination of
spray targeting and swirling flow was assessed, the combus-
tion analysis was carried out for three engine operating
conditions: one at rated power and two at partial load. In
this way, the impact of the combustion systems on the near-
wall flame evolution and the soot formation/oxidation
process was assessed. The main findings of this work can
be summarized as follow:

* The hybrid design highlighted high sensitivity to the
injector protrusion both in terms of soot and BSFC,
suggesting that the fuel split on the step is a crucial
aspect for the optimization of the spray targeting. The
optimal results were obtained for the nominal injector
protrusion, thanks to which a more evenly distributed
fuel mass above the step and within the bowl is
obtained. With this injector protrusion, both soot and
BSFC were significantly reduced in comparison with the
re-entrant bowl (—40% and —2%, respectively). Also
considering a reduced SR, the nominal injector
protrusion still showed the best results. Nevertheless,
the nominal SR was required to keep a lower soot and
BSEC than with the re-entrant bowl due to the
enhanced mixing process.
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m EGR sweep: normalized trade-offs with respect
to the baseline configuration. Top: soot-BSNO, trade-off;

bottom: BSFC-BSNO, trade-off. WP2: 2000 RPM x 8.0
bar BMEP.
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¢ Considering the optimal calibration (nominal injector
protrusion, nominal SR), the combustion analysis was
carried out for all three engine operating conditions
under investigation. At full load, the innovative hybrid
bowl showed a higher HRR during the mixing-
controlled combustion phase due to the reduced flame-
to-flame interaction enabled by the radial bumps.

® At partial load, the hybrid bowl has shown a strong
impact on equivalence ratio distribution, avoiding the
formation of rich regions near the bowl surface thanks to
the minimized flames collision. This resulted in lower
soot formation after the end of injection of the main
event. Moreover, the more intense tumbling vortex in the
hybrid design led to a higher soot oxidation rate in the
late combustion phase.

* At partial load, the innovative hybrid concept has shown
an impressive improvement of soot-NO, trade-off over
an EGR sweep. At baseline NO,, a 70% soot reduction in
comparison with the re-entrant bowl was achieved.
Considering the BSFC-NO, trade-off, no significant
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differences were observed in comparison with the re-
entrant bowl, providing up to 1% BSFC reduction. The
desired flatness in the trade-off allowed a higher EGR
rate for NO, mitigation without any soot penalties and
any detrimental effect on fuel consumption.
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Abbreviations

AM - Additive Manufacturing

AMR - Adaptive Mesh Refinement

BMEP - Brake Mean Effective Pressure
BSFC - Brake-Specific Fuel Consumption
BSNO, - Brake-Specific NO,

CAD aTDC - Crank Angle Degrees after Top Dead Center
CFD - Computational Fluid Dynamics
CIV - Combustion Image Velocimetry
EGR - Exhaust Gas Recirculation

EOI - End of Injection

HRR - Heat Release Rate

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

SCE - Single-Cylinder Engine

SCR - Selective Catalytic Reduction

SR - Swirl Ratio

TDC - Top Dead Center

VGT - Variable Geometry Turbine

WP - Working Point
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