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Abstract

Nowadays, for the diesel engine-based powertrains, the increasingly
demanding CO; 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.



Contents

I INEOAUCHION. ...ttt st 1
1.1 BaCKEIOUNG.......cviiiiiiiiieiiicieee ettt et 1

1.2 Diesel piston design and optimization...........c..eccveevreerveecreeneeenieenveenens 2

1.2.1 Stepped-lip deSi@N.......c.oeoiieiieiieiiieiieeie et e 5

1.2.2 Radial-bumps desi@n..........cccueevuieriieiiieniieiieeie e 6

1.2.3 Hybrid deSi@N......cceueieiiiiiieiieeieeiie et 8

1.3 Research activity WOrKfloW ........cooviiiiiiiiiiiiiicee e, 12

2 Test case and MEthOdOLlOZY ........ccueevuiiiiiiiiiiieiieie e 14
2.1 ENGINE tEST CASE ..eeeuvieiiieiieiieetie et eite ettt ettt ettt et e 14

2.2 1D-/3D-CFD coupling methodology.........ccceeeveeveiiienciieiniieeiee e 17

2.2.1 ID-CFD MOdEIS ....coueiiiiiiiiiiiiiieeiieeeeeceeeteeee e 18
2.2.23D-CFD MOdEIS ....coueiiiiiiiiiiiiiiieeceeeeeee e 18

2.3 Model validation reSUlLs ........cccceeriiriiiniiiiiiiieeeee e 22

2.4 Optical engine analysiS........cccceveevuerrieriereriienieneeertesie e 25

2.4.1 Combustion Image velocimetry (CIV) .....cccceeviiiiiiniiiiiiieeeeee, 29

2.4.2 OH* chemiluminesCence ............ceeueeuienieeiienieeieeree e 31

2.4.3 Optical soot density (KL) ....ccceeoieriiniiiiniiiiiinieceeeeeee 32

3 Stepped-lip and radial-bumps bowl designs ...........cccceeviieiieniiiiieniieieeee 38
3.1 INErOUCHION ..ottt 38

RIVART D ROl 2l DI 1 F:1 ) 4] TSRS 40

3.2.1 MixXing-0only analysis ........cccveerireeiieeeiiieeiieeeieeeeieeeeveeeeveesaaeeens 40



3.2.2 Combustion analySiS ..........cccveeueeriierieeiiieeiieriienieeieeereesveesereeaeens 47

3.2.3 Trade-0ffS..c..eeiiiieiieieeeeee s 52

3.3 Engine calibration parameters ............cccueeeveereeeiueenieenreenreenieeneeeneenenns 53

3.3.1 Start of INJection SENSIIVILY ...ccveeeveerieeiiierieeiieeeeeieeeireeieesereeaens 53

3.3.2 SWirl 1ati0 SENSILIVILY .oecuvrieirieeciiieeieeeiieeeieeeeiee e e e e e eeaeeens 55

3.3.3 EGR and rail pressure Sensitivity.......c.ccceeevveeeereeescieeesiieeenveesnneens 59

4 Hybrid BOW] deSI@N....cuviieiiieeiiiecieeee e 62
4.1 INErOAUCTION ...ttt sttt et 62

4.2 3D-CFD aNalySis .....ceciieiieiiieiieeieeriee et ere et sveesaee e eere e e 64

4.2.1 Mixing-only analysis .......c.ccccceeeieriieriienieeiienieeieesee e esee e 64

4.2.2 Combustion analySiS ........ccceevveeeiierieeiiienieeiieneeereeseeereeseeeeneenenes 72

4.2.3 Trad@-0fFS...cc.eeiiirieriieeee e 81

4.2.4 Spray targeting OptimiZation.......c..ceeueeeeeeenuerruereeneenieeeenieeseeneeenne 83

4.3 Optical engine analysiS........c.eeveerieeriieriieniieeieerie ettt 91

4.3.1 Heat Release Rate .......ccoocvieiiiiiieiiiieeeeeeeeeeee e 92

B.3.2 CIV ettt sttt et sn et et aeenee e 93

4.3.3 OH™* chemiluminesCence ............ecueeuienieriienieeiieee e 97

4.3.4 Optical soot density (KL) ....cceeevuieeriiieiniieeriee e 101

4.4 Single-cylinder engine analysiS.........ccccveeviieeiiieeniiieeniie e 114

4.4.1 Experimental SEtUP ......ccccveeevuiieeriiieniieeeiie et e 114

4.4.2 Results and diSCUSSION .......eeueiriiiriiiiiiiiiienieeiceeceee e 116

5 Conclusions and OUIOOK..........cceeveriiriiiiiriiniiieeeeceeee e 120
RETETENCES ...ttt st 125
PUDIICATIONS ...ttt ettt ettt et 135

II



List of Figures

Figure 1-1: NZE Scenario: final energy consumption in transport by source

and Mode. FTOM [7]. cuveieiiieeie ettt e es 2
Figure 1-2: Scheme of the piston features. (a) Re-entrant bowl; (b) open
DOWLL ettt sttt ettt et enes 4
Figure 1-3: Stepped-lip piston profiles for different OEM............ccccevvenennen. 6
Figure 1-4: Volvo’s WAVE piston. From [38]. .....cccceevviviieiiiiieiieeieeeeee, 7

Figure 1-5: Development of the O2 field in double-sector CFD simulations of
combustion. Left: conventional; right: WAVE. Adapted from [38]..........ccceeuneene. 7

Figure 1-6: Top view and isometric view of the hybrid piston. Adapted from

Figure 1-7: (a) Inner skirt topology optimization; (b) oil gallery open cell
lattice structure. Adapted from [42].....cccvieoiiriieiieieee e 10

Figure 1-8: AM piston during the printing process. Adapted from [43]. ....... 11

Figure 2—1: Piston bowl geometries under investigation. (a) Re-entrant; (b)

stepped-lip; (¢) radial-bumps; (d) hybrid. ........cccoeoiiiiiieiiiiiieiee e 15
Figure 2-2: Engine working points on the engine map. .......c..cccceecvereenuennnene 16
Figure 2-3: Flowchart of the simulation methodology.........c..cccccecvenienennnene. 17

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
TaABIE 25, oo e 21

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. ......cccccooiiiiiiiiiiiee, 23
Figure 2—-6: Model validation results. (a) Peak pressure; (b) CAD at Peak
Pressure; (¢) 10-90% Combustion Duration; (d) MFB50%. ......cccoocvvviiinineiennen. 24
Figure 2—7: Model validation results. (a) NOx; (b) experimental FSN with
respect to NUMETICAl SOOT MASS. ..ecvveeeiiieeiieeeiieeeieeeeieeeeieeeereeesreeeseaeeeereeenaseeens 25
Figure 2—8: Optical engine representation and fully-transparent piston. ........ 27

III



Figure 2-9: Piston bowl geometries adopted for the optical engine. Left: re-
entrant; right: hybrid. ......c.ooooiieiiiiiii e 27

Figure 2—-10: In-cylinder pressure (dashed line) and density (solid line) for the
two investigated PiStON DOWIS. ......cueeeiiiiieiiiecieeee e 28

Figure 2—11: Optical setup for CIV and OH* analysis. Left: isometric view;

TIZNE: TOP VIEW. .eviieiiieeiiie ettt ettt et e et e e st e e st e e e e saeeesnseeesnseeesseeesseesnnseeens 31
Figure 2—12: Optical setup for soot KL analysis.........c.cceeveeecrveerieeeniieenneenns 34
Figure 2—13: LOS computational column. ...........ccoecceeveiieiieniienienieeieee 35
Figure 2—14: Scheme and equations for LOS computation. ...........c..ccueeu...e. 37

Figure 3—1: Piston bowl geometries under investigation. Left: re-entrant;
middle: stepped-lip; right: radial-bumps.........cccceceviiriiiiniieniieee 39

Figure 3-2: Swirl ratio (top) and TKE (bottom) evolutions for the analyzed
combustion systems. WP3: 4000 RPM x 18.5 bar BMEP...........ccccoeoiiiiininnncen. 40

Figure 3-3: Planes selected to represent the numerical results and
stoichiometric 180-surface at TDC. ........coceevuiriiiiiniiniinicicccecee e 42

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
DAr BIMEP. ..ottt 43

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
Dar BIMEP. ..o e 44

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. ......ccccoooviiiiiiieeeeeeee e, 45

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. .....c.ccocoiiiiiiiiiiiiicccc 46

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. .......ccccocviiiiiniiinene. 47

1Y%



Figure 3-9: Top: Heat Release Rate and injection rate profile; bottom:
Cumulative Heat Release. WP3: 4000 RPM x 18.5 bar BMEP. ...........ccccceeee. 48

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. ......coiiiiiiiiiiiiinciccceee e 50

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. ........c.ccccvviiiiiiiii, 51

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. .......cooiiiiiiiiiieeeee e 53

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 x 18.5 bar BMEP. ........cccccovvviiiviieninnnene 54

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 X 18.5 bar BMEP.........cccceviviiiiiiiiiiieieeee, 56

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 x 18.5 bar BMEP........cccccoeviiiiiiiiiiieieeee 57

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 x 18.5 bar BMEP........cccccceviniiniiiiiiiciine 57

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 X 18.5 bar BMEP........cccoiiiiiiiiiiiiiieceeeeee e 59

Figure 3—-18: EGR and rail pressure sweep. (a) ISFC; (b) ISNOx; (c) soot
normalized with respect to baseline engine configuration. WP1: 1500 RPM X 5.0
DAr BIMEP. ..ot 61

Figure 4-1: Piston bowl geometries under investigation. Left: re-entrant;
TIght: RYDIIA. oo 63



Figure 4-2: Swirl ratio and injection rate profile for the analyzed combustion
systems. Engine operating condition: 1500 RPM x 4.6 bar IMEP. ....................... 64

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. ......................... 65

Figure 4—4: Planes selected to represent the numerical results........................ 66

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 A.6Dar IMEP. ....oooiiii s 67

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. ......................... 69

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. ........................ 70

Figure 4-8: Cylinder mass fraction difference between hybrid and re-entrant
bowls. Engine operating condition: 1500 RPM x 4.6 bar IMEP. .............c............ 71

Figure 4-9: Heat Release Rate and injection rate profile. WP3: 4000 RPM x
18.5Dar BMEP. ...t e 72

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. ....74

Figure 4-11: Heat Release Rate and injection rate profile. WP1: 1500 RPM x
5.00ar BMEP. ..ottt 75

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......... 76

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..........ccccocviiininninnene. 77
Figure 4-14: Heat Release Rate and injection rate profile. WP2: 2000 RPM x
8.0 bar BMEP. ..ot 78

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......... 79

VI



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.........ccccccevviiiirinnne 80

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. .....cooiiiiiiiiiiiieceeeeeee e 82

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. .....ccooiiiiiiiiiiieeeeeee e 83

Figure 4-19: Injector protrusions for spray targeting optimization. ............... 84

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

Figure 4-21: ‘Below the step’ volume defined as the volume below the
horizontal plane cutting the step at TDC. .......cccoeoiieiieiiiiiieieeeeeceeee e 86

Figure 4-22: Injection Rate profile and crank angle degrees for injector
protrusion sensitivity. WP3: 4000 RPM x 18.5 bar BMEP. ...........ccocviiieinnn. 86

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. ............... 88

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......89

Figure 4-25: Equivalence Ratio bins distribution for the nominal injector
protrusion at +15 CAD aTDC. WP3: 4000 RPM x 18.5 bar BMEP. .................... 90

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

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............ccoccoiiiiiniinnien. 93

VI



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:
RYDTIA. 1ottt ettt e e et e b b e taenbeenae e 94

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;
TIEIE RYDTIA. 1o e e e e e eareeens 95

Figure 4-30: Average velocity evolution for each sector angle. (a) 3D-CFD;
(b) experimental CIV-reS0IVEd. .......coeviiriieiiiiiieiieeie et 96

Figure 4-31: Numerical OH mass evolution and injection rate profile. Engine
operating condition: 1500 RPM x 4.6 bar IMEP. ........c..ccccoevviiviiiiiiiiieiienie e 97

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 0ar IMEP. ....cocuiiiiieieeeeee et 100

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. ....c.ooiiiiiiiiicccereeeneeeeeceee e 101

Figure 4-34: Numerical and experimental investigation area. ..................... 102

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............ccoccoiiininnne. 103

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. .........cccoviiiiiiiiiiiieee, 106

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. .........ccccoiiiiiiniiiiiee, 107

Figure 4-38: 3D-CFD radial lines (left) and experimental sector angles (right)
used for the average COMPULAION. ........eoueieiierieiiiieiieeieeree e 108

Figure 4-39: Numerical (left) and experimental (right) sector angle KL. maps.
(a) Re-entrant bowl; (b) hybrid bowl; (¢) normalized KLmean. ......................... 110

VIII



Figure 4-40: 3D-CFD arcs (left) and experimental rings (right) used for the
AVETAZE COMPULALION. ..vvreeriieeiiieeeitieesieeesteeestreeesteeeeseeesseeesseeessseeessseesssseesssseenns 111

Figure 4—41: Numerical (left) and experimental (right) radius KL maps. (a)
Re-entrant bowl; (b) hybrid bowl; (¢) normalized KLmean..............cccocccvennen.e. 113

Figure 4-42: (a) Conventional steel-forged re-entrant bowl; (b) hybrid bowl
steel-based AM prototype. Adapted from [42]. ....ccovieeiiieeiieeeeeee e 115

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]....ccueiiieieeiee ettt e 117

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]. oo 119

IX



List of Tables

Table 2—1: Test engine main features. ........ccccveeeeiieeeciieeriee e 15
Table 2—2: Engine Working pOints. ........ccccveeeevieeeiuieescieeerieeesieeeeveeeseveesevneeens 16
Table 2-3: Mesh grid, turbulence and heat transfer models. .............ccene.e. 19
Table 2—4: Spray sub-models. ..........ccceeeviieriiriiieiiieiiee e 19
Table 2—-5: Main characteristics of the reference injection data...................... 20
Table 2—6: Fuel surrogate, reaction mechanism and emissions models. ........ 22
Table 2—7: Optical engine main features...........ccccveecveerieecieerieeieenie e 26
Table 2—8: Engine intake operating conditions. ..........cccceeeveeveeeieeneesnieennenne 28
Table 2-9: CIV main processing parameters. .........cc.eevueerveenieeeueenieesineeneeenne 30
Table 4-1: Single cylinder engine main features. .........c..cccceeveereevcrieneennene 115
Table 4-2: Engine working points. .........ccccceeveeriiienieeiiienie e eee e 116
Table 5—1: Numerical results. Soot, BSFC and power percentage difference
with respect to the re-entrant BOWl. ..........ccccoeviiiiiiniieiiee e 122
Table 5-2: Hybrid bowl, numerical and experimental results. Soot and BSFC

percentage difference with respect to the re-entrant bowl. ...........cccoceeiininins 123






Abbreviations

AM

AMR
BMEP
BSFC
BSNO«x
BSSoot
CA10
CAS0
CA50-90
CA7S
CA90
CAD aEOI main
CAD aSOI
CAD aTDC
CFD

Clv

DoE

ECN

EGR

EOI

FSN

GA

HR

HRR

ICE
IMEP
ISFC
ISNOx

Additive Manufacturing

Adaptive Mesh Refinement

Brake Mean Effective Pressure

Brake Specific Fuel Consumption

Brake Specific NOy

Brake Specific Soot

Crank Angle at 10% of burned mass fraction
Crank Angle at 50% of burned mass fraction
Duration for 50-90% of burned mass fraction
Crank Angle at 75% of burned mass fraction
Crank Angle at 90% of burned mass fraction
Crank Angle Degrees after End of Injection of Main Event
Crank Angle Degrees after Start of Injection
Crank Angle Degrees after Top Dead Center
Computational Fluid Dynamics

Combustion Image Velocimetry

Design of Experiment

Engine Combustion Network

Exhaust Gas Recirculation

End of Injection

Filter Smoke Number

Genetic Algorithm

Cumulative Heat Release

Heat Release Rate

Internal Combustion Engine

Indicated Mean Effective Pressure

Indicated Specific Fuel Consumption
Indicated Specific NOx

XII



ISPM
IvC
KH-RT
KL

LOS
ML
NL
NTC
NZE
PAH
PISO
PIV
PM
PSO
RANS
RDE
RMZ
RNG
SCE
SLM
SOI
SR
TDC
TKE
TVCS
VGT
WP
yOH
2C

Indicated Specific PM

Intake Valve Closure

Kelvin Helmholtz and Rayleigh Taylor
Optical soot density

LOS path length

Line-of-sight

Machine Learning

Natural Luminosity

No Time Counter

Net Zero Emissions

Poly-cyclic Aromatic Hydrocarbons
Pressure Implicit with Splitting Operator
Particle Image Velocimetry
Particulate Mimic

Particle Swarm Optimization
Reynolds-averaged Navier-Stokes
Real driving Emissions

Radial Mixing Zone
Re-Normalization Group
Single-Cylinder Engine

Selective Laser Melting

Start of Injection

Swirl Ratio

Top Dead Center

Turbulent Kinetic Energy

Twin Vortex Combustion System
Variable Geometry Turbine
Working Point

OH mass fraction

2-color pyrometry technique

XIII



A Wavelength

Iy, Monochromatic intensity of radiation of a black body
I; Monochromatic intensity of radiation
& Monochromatic soot emissivity
T, Monochromatic apparent temperature
fv Soot volume fraction
T, Monochromatic soot transmissivity
Py Wall reflectivity

X1V



Chapter 1

Introduction

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 CO; emissions and the highest contribution (77%) is due
to the on-road vehicles [1]. In the absence of further policy action, the CO;
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].

Light-duty vehicles Heavy trucks Aviation and shipping Other

20212030 2050 2021 2030 2050 20212030 2050 20212030 2050

B Oil ™ Natural gas B Coal ™ Electricity ™ Bioenergy M Hydrogen and hydrogen-based fuels
® STEPS

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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(1) Bowl volume
(2) Squish volume
(3) Pip

(4) Lip

(a) (b)

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.

Ricardo [29]
Ford [30]
Toyota [31]
Doosan [27]
Daimler [9]

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].

Conventional WAVE
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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.

(a) (b)

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.

10
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Direct Metal Laser Sintering Process

!

Raw printed piston

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

11
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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

12
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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.

13



Chapter 2

Test 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.

14
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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)

Common rail

Max Rail Pressure 2000 bar

Fuel injection system

Maximum power 100 kW @ 4000 rpm

Maximum torque 320 Nm @ 2000 rpm

(c) (d)

(a) (b)

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.
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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.

1D-CFD Complete engine
model simulation

@+140 deg aEVO

* T and P gas traces and species mass
fractions at intake and exhaust ports

» Scalar T, P and species mass
fractions values in the cylinder region

3D-CFD Full Cylinder
cold flow simulation

@IVC
* P,T, velocity field and species mass
fractions distribution in the cylinder

+ Injection rate -
profile 3D-CFD Cylinder Sector

1D Inject: del ) . .
rjectormode ——) Combustion simulation

@EVO
* In-cylinder pressure trace
* Species mass fractions

1D-CFD Post-process tool

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-¢ 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

Adaptive Mesh

Refinement (AMR)
Base grid

Minimum grid

Turbulence model

Heat transfer model

Injector spray cone angle

Velocity, temperature sub-grid

criterion [52]
0.50 mm

0.25 mm (AMR and fixed

embedding)
RNG k-¢ model

O’Rourke and Amsden [58]

Table 2—4: Spray sub-models.

Discharge coefficient model
Breakup model
Turbulent dispersion

Collision model

Drop drag model
Evaporation model

Wall film model

Cv correlation [52]
Calibrated KH-RT
O’Rourke model [60]

No Time Counter (NTC)

collision [61]
Dynamic drop drag [62]
Frossling model [60]

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 (A3RS5-)

Hydrocarbons (PAH)

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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2.3 Model validation results

shown in Figure 2—-5 — ¢, the combustion of pilot and main injection with high rail
pressure are correctly predicted.
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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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Test case and methodology

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%).
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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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2.4 Optical engine analysis

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.
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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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Test case and methodology

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 cm?

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

26



2.4 Optical engine analysis

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

Injector

Quartz
piston

Lateral
windows

Piston
extensor

45° mirror

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

Re-entrant Hybrid

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.
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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. My,
re-entrant 1.9 bar 90 °C 7.26 g/s
hybrid 2.1 bar 120 °C 7.55 gfs

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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2.4 Optical engine analysis

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,
/2). The camera was set to record 25.000 frames per second with an exposure
time of 6.6 us. 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 instantanecous 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 PIVIab 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 ps. The main processing parameters are
listed in Table 2-9.

Table 2-9: CIV main processing parameters.

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

2™ pass: 16px size with 8px
steps

Data validation - Standard deviation filter:
Thresh=u+ 8- g,
- Local normalized median

filter, with a threshold of 3

and £=0.1

Missing data 3x3 neighborhood interpolation

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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2.4 Optical engine analysis

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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