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3Outline
1) Background and motivation

2) Direct injection configuration: Sandia’s optical H2 engine (SOpHy)

3) Port-fuel injection configurations: 
Valencia’s pent-roof (PenHy) and Dumarey’s flat-head (FLHy) H2 engines

4) Conclusions

 Experimental setup
 Numerical models
 Results

 Experimental setup
 Numerical models
 Results
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Future of IC engines
• Efficiency increase
• Reduction of emissions
• New applications

Background
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5Motivations

A solution to decarbonize 
powertrain technology

Non-conventional fuel

Need to assess 
consolidated CFD models



www.engines.polimi.it

Direct injection H2 engine

SOpHy
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7Experimental setup – DI – SOpHy

 1-hole injector
 Flat piston

Injector

Intake Exhaust

Piston

Feature Value U.o.M.
Bore 92 [mm]

Stroke 85 [mm]

Conn. rod length 166.6 [mm]

Compression ratio 11 [-]

IVC -140 [CAD aTDC]

EVO 130 [CAD aTDC]
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 1-hole injector

 Flat piston

8Experimental setup – DI – SOpHy

Injector

Intake Exhaust

Operating 
condition

𝜆𝜆
[-]

Speed
[rpm]

TR
[-]

IVC SOI DOI
[CAD aTDC]

DI 4.0 1500 ≈ 0 -140 -137 17.5

 Non-reacting condition DI of H2
into pure N2
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Operating 
condition

𝜆𝜆
[-]

Speed
[rpm]

TR
[-]

IVC SOI DOI
[CAD aTDC]

DI 4.0 1500 ≈ 0 -140 -137 17.5

 1-hole injector

 Flat piston

9Experimental setup – DI – SOpHy

Injector

Intake Exhaust

 Non-reacting condition
DI of H2

into pure N2
 Negligible tumble
 H2 injection during compression
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10Numerical models – DI – SOpHy

 Only power-cycle simulation SOI > IVC
PIV measurement at IVC

𝑘𝑘 − 𝜀𝜀

 IVC flow at rest

Operating 
condition

PIVC
[bar]

TIVC
[K]

𝑚𝑚𝐻𝐻2,𝑖𝑖𝑖𝑖𝑖𝑖
[mg/cycle]

H2 inlet section
�̇�𝑚𝐻𝐻2 [g/s] 𝑇𝑇0 [K]

DI 1.08 309.15 4.36 2.38 310

 IVC conditions according to measurements

 Turbulence models

 RANS approach
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11Numerical models – DI – SOpHy

Operating 
condition

PIVC
[bar]

TIVC
[K]

𝑚𝑚𝐻𝐻2,𝑖𝑖𝑖𝑖𝑖𝑖
[mg/cycle]

H2 inlet section
�̇�𝑚𝐻𝐻2 [g/s] 𝑇𝑇0 [K]

DI 1.08 309.15 4.36 2.38 310

𝐻𝐻2 inlet section

20 mm

SOI EOI [deg]

[g/s]

�̇�𝑚𝐻𝐻2

Nozzle exit section

 H2 inlet 20 mm before nozzle exit

 Imposed conditions at H2 inlet
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12Mesh features – DI – SOpHy

Cell side =  0.8 mm

0.4 mm

0.2 mm

0.1 mm

RefinedBase

Symmetry plane

 1/2 engine domain

 Non-oriented

 Hexahedral-dominant 
topology

 Piston motion with 
dynamic addition/removal 
of layers

Mesh Max cell n.
(@ IVC)

Base 600k

Refined 740k
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13Results – DI – SOpHy

Flow structures of 
under-expanded supersonic jets

Base Refined

𝑴𝑴𝑴𝑴

Cell side =  0.8 mm 0.4 mm
0.2 mm

0.1 mm

Cell side =  0.8 mm

 Base mesh fails

 Refined mesh
seems successful
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14Results – DI – SOpHy

RefinedBase

-130 
[CAD]

-110 
[CAD]

-70
[CAD]

Exp.𝒙𝒙𝑯𝑯𝟐𝟐• Satisfactory (with “refined” mesh):

 ↑ 𝐻𝐻2 diffusion into 𝑁𝑁2 after EOI

 Improved results near liner

↓ jet momentum
due to resolved normal shocks
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15Results – DI – SOpHy

RefinedBase

-130 
[CAD]

-110 
[CAD]

-70
[CAD]

Exp.𝒙𝒙𝑯𝑯𝟐𝟐

• Lacks (with “refined” mesh):

 ↓ 𝐻𝐻2 diffusion into 𝑁𝑁2 during 
compression

• Satisfactory (with “refined” mesh):

 ↑ 𝐻𝐻2 diffusion into 𝑁𝑁2 after EOI

 Improved results near liner

↓ jet momentum
due to resolved normal shocks
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16Results – DI – SOpHy

RefinedBase

-130 
[CAD]

-110 
[CAD]

-70
[CAD]

Exp.𝑼𝑼

↓ jet momentum ↑ agreement 
with exp.

• Satisfactory (with “refined” mesh):

 ↑ 𝐻𝐻2 diffusion into 𝑁𝑁2 after EOI

 Improved results near liner
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Port-fuel injection H2 engine

PenHy

17
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18Experimental setup – PFI – PenHy

Spark-plug

Intake

Exhaust

Piston

Feature Value U.o.M.
Bore 84 [mm]

Stroke 86 [mm]

Conn. rod length 144 [mm]

Compression ratio 11 [-]

IVC -134.8 [CAD aTDC]

EVO 119.5 [CAD aTDC]

 Central spark-plug
 Shaped piston
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19Experimental setup – PFI – PenHy

Intake

Exhaust

Operating 
conditions

Speed
[rpm]

TR
[-]

IMEP
[bar]

𝜆𝜆
[-]

SA
[CAD aTDC]

L2.4 ML

1500 ≈0.9

8.5 2.4 -24

L2.6 ML 8.5 2.6 -26

L3.0 ML 8.7 3.0 -32

L2.6 HL 11.2 2.6 -30

 Central spark-plug

 Shaped piston

 High tumble
 Ultra-lean combustion

𝜆𝜆 ↑

Load ↑
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20Numerical models – PFI – PenHy

 1/2 engine domain

 Non-oriented

 Hexahedral-dominant topology

 Piston motion with dynamic 
addition/removal of layers

Symmetry plane

Cell side =  0.8 mm

Mesh features
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21Numerical models – PFI – PenHy

”Fast” 1D-3D approach

1D: multi-cycle 3D: power-stroke
 Full engine schematic

 Multi-cycle simulation
 Power-stroke simulation

 IVC initialization IVC

Tumble 
initialization

In cylinder
PIVC and TIVC
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22Numerical models – PFI – PenHy

Initialized 
1-eddy structure

IVC tumble initialization

Initialization Adaptation Correction

Axis Radius

Tumble shape 
functions

Adaptation time

Δ𝑡𝑡 = 𝐶𝐶𝜏𝜏
𝐶𝐶𝑙𝑙𝐷𝐷
𝑈𝑈𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖

∝ 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

Fixed 
piston 

position

Turbulence

Actual 
multi-eddy structure 

Velocity Rescaled 𝑈𝑈 field 
for energy losses



www.engines.polimi.it

23Premixed combustion models – PFI – PenHy

𝜕𝜕𝜌𝜌�𝑏𝑏
𝜕𝜕𝑡𝑡

+ 𝛁𝛁 ⋅ 𝜌𝜌�𝑼𝑼�𝑏𝑏 + 𝛁𝛁 ⋅ 𝜇𝜇𝑡𝑡𝛁𝛁�𝑏𝑏 = 𝜌𝜌𝑡𝑡�̃�𝑆𝑡𝑡 �Ξ 𝛁𝛁�𝑏𝑏 + �̇�𝜔𝑖𝑖𝑖𝑖𝑖𝑖

Ignition
deposition model

Turbulent flame 
propagation

Ξ =
𝑆𝑆𝑡𝑡
𝑆𝑆𝑡𝑡

= 𝑓𝑓 Ξ𝑚𝑚𝑒𝑒∗

Peters’ correlation

Ξ𝑚𝑚𝑒𝑒∗ = 1 −
𝑎𝑎4𝑏𝑏32

2𝑏𝑏1
𝐿𝐿𝑡𝑡
𝛿𝛿𝑙𝑙

+
𝑎𝑎4𝑏𝑏32

2𝑏𝑏1
𝐿𝐿𝑡𝑡
𝛿𝛿𝑙𝑙

2

+ 𝑎𝑎4𝑏𝑏32
𝑢𝑢𝑢
𝑆𝑆𝑡𝑡
𝐿𝐿𝑡𝑡
𝛿𝛿𝑙𝑙

1/2
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24Premixed combustion models – PFI – PenHy

 Chemical composition

𝑌𝑌𝑖𝑖 = 𝑏𝑏 𝑌𝑌𝑡𝑡,𝑖𝑖 + 1 − 𝑏𝑏 𝑌𝑌𝑡𝑡,𝑖𝑖

 Tabulated kinetics

𝒀𝒀𝒖𝒖,𝒊𝒊 and 𝒀𝒀𝒃𝒃,𝒊𝒊

𝑺𝑺𝒖𝒖𝒖𝒖
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25Premixed combustion models – PFI – PenHy

 Laminar flame speed

𝑺𝑺𝒖𝒖 = 𝐶𝐶0 𝑺𝑺𝒖𝒖𝒖𝒖

[1] L. Berger, et al., ASICI - Associazione Sezione Italiana del 
Combustion Institute, 2018, https://doi.org/10.18154/RWTH-
2018-225009

[2] L. Berger, A. Attili and H. Pitsch, Combustion and Flame, 
2022, https://doi.org/10.1016/j.combustflame.2021.111936

 Strong H2
preferential diffusion

 𝐿𝐿𝑒𝑒𝐻𝐻2 ≪ 1

 𝜆𝜆 ≫ 1

𝑺𝑺𝒖𝒖𝒖𝒖 correction 
for hydrodynamic instabilities [1,2]

https://doi.org/10.18154/RWTH-2018-225009
https://doi.org/10.1016/j.combustflame.2021.111936
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26Results – 𝜆𝜆 effect – PFI – PenHy

 Dilution effect captured

L2.4 ML

𝜆𝜆 = 2.4 𝜆𝜆 = 2.6
Exp.
Num. 1D
Num. 3D

𝜆𝜆 = 3.0

L2.6 ML L3.0 ML

P c
yl

[b
ar

] 
AH

R
R

 [J
/°]

 

CA [°] CA [°] CA [°] 
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27Results – 𝜆𝜆 effect – PFI – PenHy
L2.4 ML

𝜆𝜆 = 2.4 𝜆𝜆 = 2.6
Exp.
Num. 1D
Num. 3D

𝜆𝜆 = 3.0

L2.6 ML L3.0 ML

P c
yl

[b
ar

] 
AH

R
R

 [J
/°]

 

CA [°] CA [°] CA [°] 

 AHRR ramp 
underestimated at ↑ 𝜆𝜆

Underprediction of 𝑺𝑺𝒖𝒖 ? 

𝑺𝑺𝒖𝒖 = 𝐶𝐶0 𝑆𝑆𝑡𝑡0 Validity limit: 𝝀𝝀 ≤ 2.5

 Dilution effect captured
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28Results – Load effect – PFI – PenHy
L2.6 MLL2.6 HL

IMEP 
8.5 bar

IMEP 
11.2 bar

Exp.
Num. 1D
Num. 3D

P c
yl

[b
ar

] 
AH

R
R

 [J
/°]

 
CA [°] CA [°] 

 Load effect captured
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29Results – Load effect – PFI – PenHy
L2.6 MLL2.6 HL

IMEP 
8.5 bar

IMEP 
11.2 bar

Exp.
Num. 1D
Num. 3D

P c
yl

[b
ar

] 
AH

R
R

 [J
/°]

 
CA [°] CA [°] 

 Load effect captured

 AHRR ramp 
underestimated by ↑ load

Underprediction of 𝑺𝑺𝒖𝒖 ? 

𝑺𝑺𝒖𝒖 = 𝐶𝐶0 𝑆𝑆𝑡𝑡0 Validated until: P ≤ 20 bar
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Port-fuel injection H2 engine

FLHy

30
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31Experimental setup – PFI – FLHy

Feature Value U.o.M.
Bore 83 [mm]

Stroke 90 [mm]

Conn. rod length 145 [mm]

Compression ratio 12 [-]

IVC -156.7 [CAD aTDC]

EVO 142.7 [CAD aTDC]

 Central spark-plug
 Symmetrical piston bowl

Spark-plug

Piston
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32Experimental setup – PFI – FLHy

 Central spark-plug

 Symmetrical piston bowl

Operating 
condition

𝜆𝜆
[-]

Speed
[rpm]

SR
[-]

IVC SOI EOI
[CAD aTDC]

PFI 2.0 1500 ≈ 1.3 -156.7 -320.8 -273.8

 High swirl

 H2 injection end ≈ 120° before IVC

 Ultra-lean combustion

Intake

Exhaust

Injector
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33Numerical models – PFI – FLHy

Full-cycle H2 PFI

Outlet Ptot P 
[b

ar
]

Ptot

T

T 
[K

]

CA [°]

P 
[b

ar
]

CA [°]
− 1D

− 1D

− 1D

1D

3D
𝜆𝜆

homogeneous
H2

injection

T @ walls Inlet “short”

Inlet

Inlet / Inlet “short”
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34Mesh features – 𝜆𝜆 homogeneous – PFI – FLHy

EVO

 Full engine domain

 Non-oriented

 Hexahedral-dominant 
topology

Mesh Cell size
Base 2 mm

In-cyl 1 mm

Max ref. 5e-2 mm
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35Mesh features – 𝜆𝜆 homogeneous – PFI – FLHy

Piston / valves motion

mesh deformation + multiple-meshes



www.engines.polimi.it

36Mesh features – 𝜆𝜆 homogeneous – PFI – FLHy

Average size
≈ 680k cells

Generation time 
≈ 8h 

with 4 processors

Meshes
n. 84
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37Mesh features – H2 injection – PFI – FLHy

IVO

Generation time 
≈ 16h 

with 4 processors

Injector
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38Numerical models – H2 injection – PFI – FLHy

IVO

𝐻𝐻2 inlet

Nozzle exit

 Extruded mesh

15 mm

Operating 
condition

H2 inlet section
�̇�𝑚𝐻𝐻2 [g/s] 𝑇𝑇0 [K]

PFI 2.5 311
SOI EOI [deg]

[g/s]

�̇�𝑚𝐻𝐻2
 Imposed conditions 

at H2 inlet

Injector

Optimal cell quality
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39Premixed combustion models – PFI – FLHy

 𝑺𝑺𝒖𝒖𝒖𝒖 correction (hydrodynamic instabilities)

 Tabulated kinetics
𝒀𝒀𝒖𝒖,𝒊𝒊
𝒀𝒀𝒃𝒃,𝒊𝒊

𝑺𝑺𝒖𝒖𝒖𝒖

 FAE model
𝜕𝜕𝜌𝜌�𝑏𝑏
𝜕𝜕𝑡𝑡

+ 𝛁𝛁 ⋅ 𝜌𝜌�𝑼𝑼�𝑏𝑏 + 𝛁𝛁 ⋅ 𝜇𝜇𝑡𝑡𝛁𝛁�𝑏𝑏 = 𝜌𝜌𝑡𝑡�̃�𝑆𝑡𝑡 �Ξ 𝛁𝛁�𝑏𝑏 + �̇�𝜔𝑖𝑖𝑖𝑖𝑖𝑖

Ignition
deposition model

Turbulent flame 
propagation
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40Results – 𝜆𝜆 homogeneous – combustion – PFI – FLHy

Intake

 Good 3D-1D match

 Slight overestimation of PIVC

IVO IVC

Exp.
Num. 1D
Num. 3D
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41Results – 𝜆𝜆 homogeneous – combustion – PFI – FLHy

Intake

 Good 3D-1D match

 Slight overestimation of PIVC

Combustion

 Overestimation of PSA

IVO IVC

SA

 3D consistent with Exp.

Exp.
Num. 1D
Num. 3D

Exp.
Num. 1D
Num. 3D
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42Results – H2 injection – PFI – FLHy

3D multi-cycles 
for steady-state 

injection
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43Results – H2 injection – PFI – FLHy

IVC SA

mH2
share

𝜆𝜆 target 𝜆𝜆 target

 Cycle 2 almost at steady-state

 Compression helps homogeneity
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44Results – H2 injection – PFI – FLHy

IVC SA

mH2
share

Vcyl
share

𝜆𝜆 target 𝜆𝜆 target

↑ Vcyl occupied by 
richest mixture
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Conclusions

45



www.engines.polimi.it

46Conclusions

 3 H2-ICE configurations

SOpHy PenHy FLHy

 2 H2 injection strategies

 2 simplified techniques 
for IVC conditions

DI PFI

𝜆𝜆
homog.

Initialized
tumble Full-cycle

++
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47Conclusions

 3 H2-ICE configurations

 2 H2 homogeneous 
combustion

SOpHy PenHy FLHy
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48Conclusions

Wide set of validated methods 
to model SI H2-ICEs!
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