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3Background

Future of CI Engines
• Efficiency increase
• Reduction of emissions
• New applications
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4Background

• H2 and NH3 potential: maritime/long-
haul transport, off-road, power-
generation

• Efficient conversion of H2 and NH3 is 
crucial: conventional combustion 
systems are not completely suitable 
(knock, ON, backfire, flame speed)

• Dual-fuel combustion: an interesting 
solution to burn efficiently low-carbon 
fuels under different modes.
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5New engines... which models?

• Including the fuel-to-fuel interaction: kinetics, mixing
• Computationally efficient

Modeling methodology and validation:
• H2DDI : Hydrogen-Diesel Direct Injection combustion
• Ammonia
 Spark-ignition with H2 active prechamber
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6Lib-ICE : engines (and more...) in OpenFOAM

• Internal combustion engine simulations
• After-treatment systems
• Thermal management
• Fluid machines
• Porous media

IC Engine Simulations

• CI and SI combustion chamber
optimization;

• Mixture formation optimization;
• Engine pre-calibration;
• Alternative fuels (H2, DME, 

Methanol, Ammonia, CNG, LNG,...)
• Dual-fuel combustion;
• Advanced combustion modes

(HCCI, RCCI, PCCI, ...)
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Thermal Management

Fluid Machines Micro-scale analysis

After-treatment systems
• Full simulation of the ATS line including state-of-the-

art technologies (TWC, DOC, SCR, PF, …)
• Advanced multi-domain conjugate heat transfer 

approach coupled to gas/catalytic reaction model
• Modeling of: catalytic reactions, UWS injection, wall

film, heating strategies

• Detailed micro-scale analysis including conjugate heat
transfer and reaction modeling

• Geometry reconstruction from micro-CT scans
• Available for: catalytic substrate optimization, oil&gas

rock characterization, innovative porous media 
development

   machines, pumps, 
 

   
  

Internal 
combustion 
engines

Thermal management
Fluid machines

After treatment 
systems

Porous media
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7H2 Diesel Dual-fuel direct injection (H2DDI)

Source Sandia

 Best efficiency, power density and 
transient response.

Modeling challenges
• Ignition of the pilot fuel and main jet;
• Effect of injection strategy (timing and 

combination of pilot + main) producing 
different combustion modes;
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8H2DDI combustion model : kinetics – flame structure

Pilot fuel ignited before interacting with the main jet

Table 1 
(pilot)

𝑍𝑍,𝑇𝑇𝑢𝑢, 𝑐𝑐, �𝑍𝑍′′2, 𝑝𝑝,𝜒𝜒𝑠𝑠𝑠𝑠

�̇�𝜔𝑐𝑐,1,𝒀𝒀1,𝑍𝑍1

Table 2 
(main)

𝑍𝑍,𝑇𝑇𝑢𝑢, 𝑐𝑐, �𝑍𝑍′′2, 𝑝𝑝,𝜒𝜒𝑠𝑠𝑠𝑠

�̇�𝜔𝑐𝑐,2,𝒀𝒀2,𝑍𝑍2

�̇�𝜔𝑐𝑐 =
𝑍𝑍1 � �̇�𝜔𝑐𝑐,1 + 𝑍𝑍2 � �̇�𝜔𝑐𝑐,2

𝑍𝑍1 + 𝑍𝑍2
𝒀𝒀 =

𝑍𝑍1 � 𝒀𝒀1 + 𝑍𝑍2 � 𝒀𝒀2
𝑍𝑍1 + 𝑍𝑍2

Progress variable source term Composition

• Combustion model: tabulated 
kinetics (FGM)

• Separated tables for Fuel 1 (pilot) 
and Fuel 2 (main)

• Ignition via progress variable 
convection and diffusion

• Tabulated flame structures: 
 Fuel 1 (pilot) : diffusion 

flamelet
 Fuel 2 (main): homogeneous 

constant-pressure reactor
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9H2DDI combustion model: TCI

Presumed PDF (PDF + FGM) Eulerian Monte-Carlo Fields 
(EMCF+PDF)

𝜓𝜓 = (𝑌𝑌𝑖𝑖 , 𝑐𝑐, �̇�𝜔𝑐𝑐 ,ℎ,ℎ𝑢𝑢)

�𝜓𝜓𝛼𝛼 = �
0

1
�
𝑍𝑍
𝜓𝜓𝛼𝛼 𝑍𝑍 𝛽𝛽 �𝑍𝑍, �𝑍𝑍′′2 𝛿𝛿 𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑐𝑐

• Mixture fraction: 𝛽𝛽 distribution
• Progress variable: 𝛿𝛿 distribution

𝜉𝜉(𝑗𝑗) = 𝑌𝑌𝑖𝑖
𝑗𝑗 , 𝑐𝑐 𝑗𝑗 , �̇�𝜔𝑐𝑐

𝑗𝑗 → �𝜓𝜓𝑎𝑎 =
1
𝑁𝑁𝑠𝑠
�
𝑗𝑗=1

𝑁𝑁𝑠𝑠

𝜉𝜉𝛼𝛼
𝑗𝑗

𝑑𝑑�̅�𝜌𝜉𝜉𝑎𝑎
𝑗𝑗 = −

𝜕𝜕�̅�𝜌�𝑢𝑢𝑖𝑖𝜉𝜉𝑎𝑎
𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
𝑑𝑑𝑑𝑑 +

𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

Γ + Γ𝑠𝑠
𝜕𝜕𝜉𝜉𝑎𝑎

𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
𝑑𝑑𝑑𝑑

+
1
2 �̅�𝜌𝐶𝐶𝜙𝜙

𝜀𝜀
𝑘𝑘 𝜉𝜉𝑎𝑎

𝑗𝑗 − �𝜓𝜓𝑎𝑎 𝑑𝑑𝑑𝑑

+�̅�𝜌 2 Γ + Γ𝑠𝑠
𝜕𝜕𝜉𝜉𝑎𝑎

𝑗𝑗

𝜕𝜕𝑥𝑥𝑖𝑖
𝑑𝑑𝑊𝑊𝑖𝑖

+�̇�𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑑𝑑𝑑𝑑 + �̇�𝑆𝐹𝐹𝐹𝐹𝐹𝐹𝑑𝑑𝑑𝑑 + �̇�𝑆𝑠𝑠𝑑𝑑𝑑𝑑

• Stochastic fields 𝜉𝜉(𝑗𝑗)

• Stochastic differential equations

Mixing

Stochastic term
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10H2DDI combustion : UNSW CVCC

Rorimpandey P., et al., Hydrogen-diesel dual-fuel direct-injection (H2DDI) combustion under 
compression-ignition engine conditions (2023) International Journal of Hydrogen Energy

Tamb = 890 K, pamb = 5.2 MPa, O2% = 21% 
Fuel nC7H16 H2

Nozzle diameter [mm] 0.105 0.58

Fuel pressure [MPa] 70 20

Injection duration [ms] 0.7 3.3

Mass injected [mg] 0.99 5.28

Energy share [%] 6 94

Dwell time Injection 
strategyPilot Main

1 H-0.07-ms-D 0.07 ms - Main-Pilot

2 H-2.07-ms-D 2.07 ms - Main-Pilot

3 D-1.93-ms-H - 1.93 ms Pilot-Main

Combustion analysis: 
• Vessel pressure measurement 
• High-speed Schlieren
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11H2DDI combustion : case setup
Computational mesh

• Full vessel geometry;
• 450’000 cells;
• Local refinements: jets 

evolution and interactions

CFD sub-models
• Turbulence: 𝑘𝑘 − 𝜀𝜀 (𝐶𝐶1 = 1.5);
• Spray model: lagrangian
 Injection profile: ECN;
 Breakup model: KHRT;

• Hydrogen jet: flow rate profile 
tuned to match the exp. jet 
penetration

Combustion model

Stagni et al., Skeletal mechanism reduction through species-targeted sensitivity analysis, Combust. Flame 
Morev I., et al., Fast reactive flow simulations using analytical Jacobian and dynamic load balancing in OpenFOAM (2022) Phys. Fluids

A. Cuoci, et al., OpenSMOKE++: An object-oriented framework for the numerical modeling of reactive systems with detailed kinetic mechanisms (2015) Comput. Phys. Comm.

Tabulation
• Skeletal nC7H16 mechanism
• Ranges:
 𝑇𝑇𝑜𝑜𝑥𝑥 = 700-1200 K
 𝑝𝑝 = 4 – 7 MPa 
 𝜙𝜙 = 0.05 – 6 
 𝜒𝜒𝑠𝑠𝑠𝑠 = 1 – 200 s-1

• Flamelet table nC7H16: Lib-ICE 
utility + DLBFoam;

• Homogeneous reactor H2 table: 
OpenSMOKE utility.
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• 16 stochastic fields

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)
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12H2DDI combustion : H-0.07-ms-D

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)

0 1 2 3 4
Time [ms]

H-0.07-D

• nC7H16 and H2 burning in a 
diffusive mode;

nC7H16

H2

EMCF+FGM

PDF+FGM
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13H2DDI combustion : H-0.07-ms-D

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)

• Overestimated nC7H16 ignition delay
• Diffusive mode burning correctly estimated
• EMCF+FGM : better prediction of the flame morphology
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PDF+FGM

14H2DDI combustion : H-2.07-ms-D

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)

0 1 2 3 4
Time [ms]

H-2.07-D

nC7H16

H2

• Pilot nC7H16 ignition produces 
H2 partially premixed 
combustionEMCF+FGM
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15H2DDI combustion : H-2.07-ms-D

H2 partially-premixed combustion 
• EMCF+FGM : better 

estimation of AHRR 
and combustion 
duration;

• Results still affected 
by overestimated 
nC7H16 ignition delay;

• “Conventional” fuel 
kinetics even more 
important in dual-fuel 
combustion 
simulations.

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)
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17H2DDI combustion : D-1.93-ms-H

H2 injected 1 ms after nC7H16 ignition

Pilot 
HRR

Acknowledgments: P. Rorimpandey, Q. Chan, S. Kook, E. Hawkes (UNSW)

Diffusive combustion 
correctly estimated 
rather well in a wide 
range of nC7H16 SOI

0 1 2 3 4 5 6
Time [ms]

nC7H16
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18NH3 premixed combustion in IC engines

• Ammonia is an ideal 
candidate as future 
energy carrier;

• Limitation: low flame 
speed, high ignition 
energy.

H2-fueled active prechamber in ammonia SI engines

Solution to compensate the 
low NH3 laminar flame speed:
• Volumetric ignition concept 

(turbulent jet ignition)
• High H2 reactivity

Effective with reduced amount 
of H2/NH3 ratio:
• Possibility to use an on-

board fuel-reformer
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Spark 
plug

H2
injector

3 nozzles

Engine cylinder 
(Main Chamber)

19NH3 spark-ignition engine with active H2 prechamber

Acknowledgments: S. Reggeti, W. Northrop (UMN)

CFR Engine with side-mounted active prechamber
Compression ratio 16:1

Engine speed [rpm] 900

Intake pressure [bar] 0.93

Intake temperature [°C] 60

Inlet fuel 100% NH3

Intake Equivalence Ratio [-] 1

Pre-chamber fuel H2

Injection Pressure [bar] 38

Fuel temperature [°C] 37

Intake temperature [°C] 60

Inection 
duration [ms]

SOI 
[CAD BTDC]

SA
[CAD BTDC]

H2/NH3 ER 
[MJH2/MJNH3]

Baseline 1 70 20 1.92%

Delayed 1 30 20 1.99%

Double 2 70 20 3.48%

Effects of H2 injection strategy
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20NH3 spark-ignition engine with active H2 prechamber

Computational mesh details
Mesh motion

Shrouded 
valve for 

swirl 
generation

Pre-chamber

ACMI connecting cylinder 
and pre-chamber volume
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21NH3 spark-ignition engine with active H2 prechamber

Baseline (SOI = 650) Delayed (SOI = 690)
Injection Post-injection Injection Post-injection

H2 leaves the prechamber during injection H2 remains in the prechamber
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22NH3 spark-ignition engine with active H2 prechamber
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23Spark-ignition flame-area combustion model

Acknowledgments: S. Reggeti, W. Northrop (UMN)

Gulder:

𝜕𝜕𝜌𝜌𝜕𝜕
𝜕𝜕𝑑𝑑

+ ∇ ⋅ 𝜌𝜌𝑼𝑼𝜕𝜕 − ∇ ⋅ 𝜇𝜇𝑠𝑠∇𝜕𝜕 = 𝜌𝜌𝑢𝑢𝑆𝑆𝑢𝑢Ξ ∇𝜕𝜕 + �̇�𝜔𝑖𝑖𝑖𝑖𝑖𝑖

Regress variable transport equation
• 𝜕𝜕 : unburned gas mass fraction
• Ξ : flame wrinkle factor (𝑆𝑆𝑠𝑠/𝑆𝑆𝑢𝑢)
• 𝑆𝑆𝑢𝑢 : laminar flame speed
• �̇�𝜔𝑖𝑖𝑖𝑖𝑖𝑖 : ignition source term

Ignition: deposition model

�̇�𝜔𝑖𝑖𝑖𝑖𝑖𝑖 =
𝐶𝐶𝑠𝑠𝜌𝜌𝑢𝑢𝜕𝜕
Δ𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖

- 𝐶𝐶𝑠𝑠 : user-defined
- Δ𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 ignition duration
- 𝜌𝜌𝑢𝑢 is the unburned gas

density

Turbulent combustion

Ξ = 1 + 𝑓𝑓 ⋅ Ξ𝑒𝑒𝑒𝑒 − 1

Ξ𝑒𝑒𝑒𝑒 = 1 + 𝐶𝐶 ⋅
𝑢𝑢′

𝑆𝑆𝑢𝑢
𝑅𝑅𝜂𝜂

Transition factor 𝑓𝑓 related to:
- turbulence intensity 𝑢𝑢′
- turbulent integral length 𝐿𝐿𝑖𝑖
- flame radius 𝑟𝑟𝑘𝑘, estimated from a 0-D model
- flame stretch factor 𝐼𝐼:

• Laminar 𝑟𝑟𝑘𝑘 < 𝐶𝐶𝑇𝑇𝑎𝑎𝑠𝑠 ⋅ 𝜆𝜆
• Turbulent 𝑟𝑟𝑘𝑘 > 𝐶𝐶𝑇𝑇𝑎𝑎𝑠𝑠 ⋅ 𝜆𝜆

𝑆𝑆𝑠𝑠 = 𝑆𝑆𝑢𝑢Ξ

Turbulent flame speed Ignition
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24Laminar flame speed of hydrogen-ammonia mixtures

Acknowledgments: S. Reggeti, W. Northrop (UMN)

𝑆𝑆𝑢𝑢 = 𝑆𝑆𝑢𝑢0(𝜙𝜙)
𝑇𝑇𝑢𝑢
𝑇𝑇0

𝑚𝑚 𝑝𝑝
𝑝𝑝0

𝑖𝑖

• Parameters 𝑚𝑚 and 𝑛𝑛 are 𝜙𝜙-
dependent;

• 𝑆𝑆𝑢𝑢0(𝜙𝜙) limited validity (𝜙𝜙 <
1.5), extension required

V. Pessina et al., Laminar flame speed correlations 
of ammonia/hydrogen mixtures at high pressure 
and temperature for combustion modeling 
applications (2022) Int. J. Hydrogen Energ

Ravi et al., Laminar flame speed correlations for pure-hydrogen and high-hydrogen content syngas 
blends with various diluents (2012) Int. J. Hydrogen Energ.
Stagni A., et al, Low- and intermediate temperature ammonia/hydrogen oxidation in a flow reactor: 
Experiments and a wide-range kinetic modeling (2023) Chem. Eng. J S. 

𝑆𝑆𝑢𝑢0 correlation for 𝜙𝜙 > 1.5:

𝑆𝑆𝑢𝑢0 = �
𝑖𝑖=0

5

𝑎𝑎𝑖𝑖 𝑥𝑥𝑁𝑁𝐻𝐻3 ,𝜙𝜙 𝜙𝜙𝑖𝑖

Correlation for H2-NH3
mixtures

Extension for rich mixtures (𝝓𝝓 > 𝟏𝟏.𝟓𝟓)

• Verified with 1D laminar 
flame speed simulations 
of NH3-H2 mixtures
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25NH3 spark-ignition engine with active H2 prechamber

Acknowledgments: S. Reggeti, W. Northrop (UMN)

Four combustion phases

1. Pre-Chamber combustion

2. Jet-ignition in the main 
chamber

3. Fully-turbulent flame 
propagation (cylinder + side 
housing)

4. Flame propagation in the 
cylinder

Baseline
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26NH3 spark-ignition engine with active H2 prechamber

Acknowledgments: S. Reggeti, W. Northrop (UMN)

Baseline condition
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27NH3 spark-ignition engine with active H2 prechamber

Acknowledgments: S. Reggeti, W. Northrop (UMN)

Baseline
Delayed

Double

• Double: in-cylinder leaked H2 + high fresh charge temperature 
produce fresh charge auto-ignition
 Transition to «SACI» combustion;

• Need to include unburned mixture kinetics to predict such process.

Baseline Delayed
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Conclusions

Ack.: A. Dupuy, R. Rabello de Castro, P. Brequigny, C. Mounaïm-Rousselle (Uni. Orléans)

Dual fuel combustion with H2 and NH3 - New engines... New models!

 H2-Diesel Direct-
injection (H2DDI)

 NH3-H2 TJI engine

2 × fuels = complex2

H2DDI: 
• PDF+FGM valid for 

diffusion mode
• EMCF+FGM more 

flexible, efforts needed 
to engine adaptation

NH3-H2 TJI: 
• Laminar flame speed at 

𝜙𝜙 > 1.5
• SACI operation to be 

included

Efficiency/accuracy of 
tabulated kinetics

TCI essential

Kinetics to be 
continuously improved
 Also for 

conventional fuels
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