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Collaborations and Sponsors
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• KAUST
CRG project

• Italian Research Agency
PRIN project

• Loccioni Group
Injection systems & testing

• Punch Torino
engine combustion CFD

• Marelli, Bologna & Turin
injectors, aftertreatment, sprays

• Federal Mogul
advanced ignition systems

• Piaggio 
engine design

• Iveco Group
hydrogen project

• Main Computational Resources
Cineca, Italy
Argonne, USA
KAUST, Saudi Arabia

• Argonne National Lab, S. Som , R. Scarcelli, C. Powell

• Convergent Science, K. Senecal, E. Pomraning

• KAUST, prof. Hong G. Im

• University of Zagreb & Cambridge, prof. Hrvoje Jasak

• West Virginia University, prof. C. Dumitrescu

• University of Bologna, prof. Nicolò Cavina

• Polytechnic University of Valencia, prof. P. Martì

• University of Brighton, prof. K. Vogiatzaki

• University of Oviedo, prof. A. Pandal

• University of Massachusetts, Amherst, prof. D. Schmidt 

• University of Wisconsin, Madison, prof. M. Trujillo 

• Sandia National Labs, Dr. Lyle Pickett

• Shanghai Jiao Tong University, prof. Min Xu

• Jiangsu University, prof. Zhixia He

• University of Orléans, prof. Christine Rousselle
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Agenda
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• Fuel Injection Modeling: 
- gasoline, 
- ammonia, 
- hydrogen

• Ignition:
- Energy released by igniters
- Optical engine results: spark vs. corona
- Spark discharge evolution and plasma temperature
- Low-Temperature Plasma generation simulations 

• Engine Combustion Stability: 
- lean combustion with innovative igniters, 
- LES and combustion stability
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V. Vukcevic, R. Keser, H. Jasak, M. Battistoni, 
H.G. Im, J. Roenby, SAE paper, 2019 Yue Z., Battistoni M., Som S., IJER, 2020

Commercial Software - CONVERGE

Spray GSpray D

Open source Code: foam-Extend

Fuel injection modeling:
liquid atomization
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Fuel injection modeling:
GDI nozzle analyses
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𝑆𝑀𝐷 = 6
σ𝑉𝑖
σ𝐴𝑖

SMD data at z = 15 mm 
(GM experiments at ECN3)

• Droplet SMD in good agreement with 
experimental measurements available 
downstream, using ~2.5 μm grid. 

• The methodology has high relevance in the area of 
nozzle design and spray calculations, with impact 
on new/advanced combustion systems design

Yue Z., Battistoni M., 
Som S., IJER, 2020

Real geometry, with 
surface finish and defects

Spray G
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Fuel injection modeling:
ammonia spray
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Mounaïm-Rousselle, C.; Bréquigny, P.; Hespel, 
C.; Bellettre, J. First Study on Ammonia Spray 
Characteristics with a Current GDI Engine 
Injector. Fuels, 2021, 2, 253–271
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Fuel injection modeling:
ammonia spray
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Spray morphology in flash boiling conditions
CFD EXP

2 bar 
flashing 

spray

15 bar 
evaporating 

spray
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Fuel injection modeling:
under-expanded hydrogen jets
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OpenFOAM

t = 100 us

CONVERGE

t = 15 us

Hamzehloo et al. 
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Fuel injection modeling:
under-expanded hydrogen jets with real-fluid properties
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ideal gas real-fluid with non-

linear mixing rules 

Nozzle exit data Ideal gas Real-fluid Diff (%)

T (K) 157 154.49 -1.6

p (bar) 129.03 119.44 -7.44%

𝜌 (kg/m3) 19.84 18.09 -8.82%

ሶ𝑚 (kg/s) 0.318613 0.0251962 -1.59%
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Conventional and innovative ignition systems

The non-equilibrium plasma discharge exploits both
• Thermal Effect
• Kinetic Effect (production of active radicals 

via electron impact dissociation)

12

Conventional Spark

RF Corona Igniter

The plasma generated by a conventional spark can be 
considered as an energy deposition.
• Thermal Effect
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Corona Effect Ignition Systems

10

1670

Corona Effect Ignition Systems

• Streamers evolution

• Energy delivery and efficiency

• Ignition and combustion

• Computational Fluid Dynamics

• Hydrogen Engine set-up

ACIS Igniter

BDI Igniter
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Energy – Spark vs. Corona (ACIS)

• ACIS efficiency is up to 20% 

• (spark is below 5%)

• ACIS deposits higher thermal 
energy on the gas, up to 80 mJ 

• (vs. less than 10 mJ for a spark)

SPARK ACIS
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Optical engine results – Spark vs. Corona

Corona ignition allows an 

extension of the lean limit 

of about 0.25 λ units

Corona ignition reduces 0-5% 

MFB by more than 50% in all 

the operating conditions.
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Optical engine results – Spark vs. Corona
Corona l =1Spark  l =1

Corona l =1.4Spark  l =1.4
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Optical engine results – Spark vs. Corona
1 CAD after IT 2 CAD after IT 3 CAD after ITIgnition Timing

Corona
λ=1

Spark
λ=1
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Spark discharge evolution and plasma temperature

1 bar 8 bar

Experiments from Simona 
Merola – STEMS CNR Napoli
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Temperature profile comparison between experiments and 
simulations for the cross-flow configuration in static condition
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Low-Temperature Plasma generation simulations 
• “Pulsed” streamers simulation

• First-ever modeling of RF-corona non-
equilibrium plasma

• Discharge physics captured (positive and 
negative streamers, O, T, …)

• Agreement between numerical and optical 
streamer lenght

• Bulk temperature is high only along axis

• Atomic Oxygen generated axially and 
spread radially (pressure waves effect)

by Cruccolini (UniPG) and Scarcelli (ANL)

19



3a Giornata Studio AIMSEA sui Motori a Combustione Interna     December 16th, 2022

Conventional and innovative ignition systems
Conventional Spark

RF Corona Igniter

 1 

b) a) 

 1 

b) a) 

12 CAD aIT

SIM

SIM

EXP

EXP

4 CAD aIT

20
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l = 1.4l = 1.0 l = 1.5

SA = 20 CAD bTDCf SA = 40 CAD bTDCf SA = 45 CAD bTDCf

Combustion stability: LES simulations at different l

EXP (200 cycles)SIM (15 cycles)

J-gap Spark Discharge
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Combustion stability: EXP vs. LES
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• Engine cycle simulations: Corona 

enhances ignition

• energy deposition: 40 mJ, on 

“streamer-like” region 

+

• Atomic oxygen deposition: on 

“streamer-like” region, 1E-10 kg in 

0.25 CADMulticycle LES simulations at different l

Optical engine 

EXP data

SIM:
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Fuel effects: comparison among
gasoline, methane, hydrogen-methane blend 
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Optical engine 

EXP results
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FIAT POWERTRAIN 
F1C ENGINE
for Light Commercial Vehicles
L4 3.0 liter engine

Next: H2 on optical engine 
and FPT engine

OPTICAL ENGINE
0.5 liter

100 101 102 103 104 105

Ignition energy [mJ]

Spark Ignition Corona Ignition

24
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Thank you
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Michele Battistoni, PhD
Associate Professor in Mechanical Engineering 
University of Perugia, Italy


