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ICE Group @ Politecnico di Milano 2
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Background 3

Future of Cl Engines

« Efficiency increase
* Reduction of emissions
* New applications

Advanced combustion
systems

Alternative fuels




Focus: in-
cylinder flows
CFD modeling

-

Sl Engines

Hydrogen direct-injection
Turbulent jet ignition
Diluted combustion

~
New
challenges: .
modeling and - .
design -
/

New engine concepts

Split-cycle
Rotary
Free-piston
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The Lib-ICE code: engines with OpenFOAM®

LibJ€E =

Modeling IC Engines using the OpenFOAM technology

In-cylinder Intake/exhaust
+ Gas exchange +  1D-3D coupling (Gasdyn+OpenFOAM Applications
»  Fuel air mixing (Direct-injection, PFI, coupling) «  design/development
liquid, gas) »  Exhaust aftertreatment system: SCR, + investigation of complex process in IC
*  Combustion (spark-ignition, Three-way catalyst, DPF, GPF, ... engines: reactive, turbulent,
compression-ignition, HCCI, PCCI, compressible and multiphase flows

RCCI, ...)

Why OpenFOAM?

Advanced models required by the
engines of the future

Potential for development
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Cl Engines: Ducted fuel injection 6

Concept CFD Methodology orD 7o P = Tk
Il Liquid fuel solver : |
Vapor-fuel/charge-gas mixture ° RAN S @
. .. Yi(Z,27,¢,T,P)
Bl Auto-ignition zone « Tabulated kinetics : oc(2,27,8,T,, p)
#727 Products of rich combustion ﬂamelet progress Va”able 7,2, 2,6 T,p)
=== Diffusion flame I
Thermal NO production zone = TCI |nC| uded Z(EJEZC,)ZA’;ZEJ;;,);&()X) j]r';;\e/

Challenges (CFD and Design)

Fuel- .
injector tip - Selection of the = L S e
Increase of: optimal configuration "
- Vapor penetration; (number of holes, . ]
- Fuel-air mixing; duct geometry)
- Lift-offlength. « Piston bowl shape .‘.ié

= Soot emissions reduction
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Cl Engines: Ducted fuel injection — Sandia CV vessel 7

Non-reacting
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Turbulence model: k — ¢
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Turbulence model: k& — &, 02 = 15%

N —a— Exp. FS
S -=- Exp. DFI
—e— FS
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Temperature [K]

Parametric investigation always needed

DFI is equivalent to injection pressure increase
Model capability to reproduce fuel-air mixing process;
Turbulence model has limited effect;

Inclusion of TCI needed to predict flame structure at

different conditions;

Advanced models for soot needed.

40

Flame lift off [mm]
n n w w
o [4)] o (3]

-
(4]

Turbulence model: k& — &, Oz = 15%
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Engines: Ducted fuel injection — Sandia engine 8

4-holes, 10 bar bmep, 1200 rpm

1
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» Correct estimation of increased Worth of investigation?

ID and reduced DOC :
» Soot reduction for

» DFI has different behaviors conventional diesel and HVO
between vessel and engine

» Cl engines not going away in

* DFI-FWI significant: many sectors
» Turbulence modeling
" Mesh structure Acknowledgment: G. D’Errico
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Cl Engines: DME 9

Motivation Project Modeling
DME | Diesel Representative Interactive Flamelet (RIF)
LHV MJ/kg | 28.8 | 42.8 . . .
2 CPD [ T(®) [+ AR-2n |
AJF st - 8.97 |14.71 domain = y
CN - >55 | 45-50 [ A ]
Lig. Density kg/m3 | 663 | 834 Z(R)Z%®) > ow
- L =2 M, [, () plnkin
Critical T. °C 130 | 450 (M f—— = =
Boiling Point | °C -25 180-370
v Yiu2Y) Flamelets
» Can be produced from renewable ZayoP >

methanol or biomethane or as e-
fuel = net zero fuel!

Tabulated kinetics (well stirred reactor)

* Higher CN and vapor pressure o — @ )R- Y Ren
: - 12% Reduction in CO, CFD solver
than Diesel - BTE above 40% with less than W
« No aromatics in oxidation process 1g/kWh of NOXx )
= NO SO0t emissions - Soot-free combustion (2, ¢ 1)
- Reduced LHV: increased nozzle |~ 2lmes less HC measuredin the !

exhaust gases | Z(0),e(0), Tu(x),5x) ————— HR Table

size
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Cl Engines: DME 10

Setup Strategies for NOx reduction: i”gi”de BEAEP nglla
« 0% EGR conventional MCC PEE [bar] [CAD]
. 35% EGR L-PCCI 65 684

Spray-oriented grid

SIS

* L-PCCI ensuring much better NOx — bsfc trade-off
 High EGR operation possible thanks to soot-less combustion

EGR 0%, SOI=-6.8

EGR 35%, SOI=4.0

400
: : ! I - 1.2
Injected MFR from rail pressure i RIF — i RIF 00— —0~ EGR=0% r—
100} — TWM [350 3 i — TWM & —O— EGR=35%
and needle lift measurements i z ' T 10 ' o T
— ! ---- EXP %DOE = ---- EXP |[3305F : —B— RIF-F
Injection Laws .g 80 N g E 8 - —#— RIF-CFD
= | o — o
MFR and Needle Lift Profile > i g Yo 2 08
160 MFR 1200x9.8 12 E | 250 2 E 2 Z,
- = = = Lift 1200x9.8 % H % B
it i g, wg £ z 200
H =]
- 5 |1 g 540 5 £
R 0: E 2 2™
™ = - I = = =
2 00- 5 S| 100 2 5’20 g 02| L-PCCI
3 2 20{ | = 2 === -
£ 14 = | S0 <« < 0.0
i i : —50 -25 00 25
i ( il SOI [CAD aTDC
0% 75 50 = a0 60 a) [CAD aTDC]
otk i : — 0 ) Crank Angle [deg] b) Crank Angle [deg]
° oome o004 Acknowledgment: A. Schirru
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Cl Engines: DME 11

Load 75% . - beta-PDF — Acknowledgment: A. Schirru
—— Diesel

— Calc.
--- Exp.

200

600 08 :
Increased evaporation rate

changes the DME f — PDF
shape compared to Diesel:
need to use a fine flamelet
mesh to avoid high
integration errors.
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Cylinder pressure [bar]
o
o

300

75 0.0
0.05 0.10 0.15 0.20

200 Mixture Fraction Z [-]

50
Next challenges (CFD modeling and development):

23 100 - Potential of very high EGR rates
0 - LPG — DME mixtures

0 - DME to replace Diesel in dual-fuel engines
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Cl Engines: HPDI

Concept

injector body

pilot needle

(P) Diesel injector for pilot injecti ool G s i
@ Second fuel injector

Efficiently burning low-carbon fuels
(low CN) with Diesel or other high
CN fuels

&%\ POLITECNICO
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Modeling (so far)

Combustion: dual-table model

12

Challenges

 Jet-to-jet ignition

injector

Z, Tw C, Z‘ITZ' pl)(st Zr Tur c, ZTZ' p' Xst .
1 | « Turbulence chemistry
interaction
Table 1 Table 2 _
« Combustion model
: : sensitivity to the injection
wc,lﬁyl'Zl wC,Z'YZ'ZZ t
I I strategy
v
Progress variable source term  Composition " 3000
. Zyrweg +Zy Wy _Zi YW+ 7Y,
He Zy+ 7, B Zy+ 7, /—\\ =
Injection of Low CN fuel: o
1200
- Lagrangian (liquid) =
- Real nozzle geometry or virtual Time: 2.5 CAD 60

Acknowledgment: A. Schirru
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Cl Engines: HPDI 13

Two-stroke marine engine Four-stroke HPDI
Dual-fuel injector scheme
* |9 Diesel injector nozzle

* 9Gas |njector nozzle

l - 2088 Dlese /

e | Time: -1 CAD
Time: -1 CAD I...
250 3000
35 12 __
X = =Experimental | - [ Exp
s - - -Experimental — Computed Tk ' g;:zz: von |
—— Computed 1 200 - o 4
e 3000 '

: 08 > = | T 2000 _
o o 2400 ) 8 150 I}
5 3
% é’ 0.6 % o
g = 1800 8 100 - £
B = os e L 1000 <

p—— y 4

1200
0.2 50 -
600 h
[, : 0 ; .
5 0 5 10 15 20 25 30 -40 20 0 20 40 Time: -2.5 CAD 0 0
crankAngle faeal Crank Ange [deg} Acknowledgment: A. Schirru ™ “
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S|l Engines: Hydrogen direct-injection

Sandia optical engine

Single-hole nozzle located
in the center of the cylinder
head

Hydrogen
injector Intake
Cylinder
head
Exhaust _
. | Tumble
=] | plate
ool
Laser Optical
532/266 nm liner
Engine
Piston block

Gas exchange simulation

Experiments Simulations

POLITECNICO
MILANO 1863

Fuel injection

Experiments

Simulations .
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S|l Engines: hydrogen challenges 15

Injection modeling Combustion modeling

o S Hydrogen diffusivity modifies the local flame structure
Prediction of fuel distribution in an

acceptable amount of time: Exp. laminar 2D Direct Numerical Simulation (DNS)

- Avoid nozzle geometry p
- Virtual injector / injection sub- E
models?
Temperature [K
Velocty .
/' m/s
500 a a; as
o[, )6 @) 6
250F SL SL ref Prer Twrer Dref
Laminar flame speed correction to be used in
ol flamelet combustion models Source: Pitsch
Inj. Recess 0mm 3mm

Pre-ignition and knock modeling

Source: Hyundai
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S| Engines: turbulent jet ignition 16

Concept CFD Methodology

[} ¥ ¥

* RANS
* Flame-area model (Weller) + deposition ignition
» Peters correlation for turbulent flame speed

If geometry can be simplified
(flat cylinder head + swirl): ;

[-]
1.00

- o~

0.75

« Prechamber only = Gas fos
0.25

exchange + fuel injection i
. . 0.00
simulation

. p ve/act i i * Pre + main chamber =
asSsSive/active contigurations Power cycle simulation in .

* Potential for ultra-lean sector mesh o
combustion (4 > 1.8) Time: -350.20 [CAD]
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S| Engines: turbulent jet ignition 17

GAS bo. CHECK Acknowledgments: L. Sforza, G. Gianetti
T VALVE
H IMEP num
: lind .Néé?%. l D,,. [mm] [bar] SA [CAD] | Aem. []
Slngle-cy Inaer AIR =p >4 = EXH. 14 10 -12 1.7
natural gas pre- 1o 1 10 L -0 [ 15 |
- | 16 .. 0 1 12 A
chamber engine 1.6 15 1o 1.7
| ) | fte [ 10 [ - [ 19 [
I %% ) '
Aifen =1.5 Mo =1.7 Niten =19
0.6 0.6 0.6
. . . —_ Calc — Calc — Calc.
Sector mesh + jet-oriented grid 0s === Exp. s === Exp 05 === Exp

- Reduced CPU time + accuracy
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S| Engines: turbulent jet ignition 18

pCH. CHECK Acknowledgment: L. Sforza, G. Gianetti

GAS .....................................
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S|l Engines: design + modeling 19

Turbulent jet ignition Conventional SI combustion
’ ’ — (;al;:. NZ014-C08 o —"I.C_‘.alé:. NZ016-C42 .
ps T BRNICS 1 ges m B zec e TJ| could not be suitable for H,
04 = Increased risks of pre-ignition since

Thin reaction
zone

prechamber can be a sort of hot-spot

Apparent Heat Release Rate [KJ/deg]
(=] o
o w F C
Apparent Heat Release Rate [KJ/deg]
o
w

= orrugated flamelets

i Wrinkled flamelets 0.1 J “\ 0.1 j b Dlluted mlxtures + Conventlonal CombUStlon
Y 10° - 10° 10! or o= or S E> Potentlal for hlgh eﬁICIency and near'
. . CrankAngIe[d.sg] Crank Angle [deg] Zero NOX emissions
* Burning rate from jet entrainment (Ka > 100)
- Application to naturally aspirated engines * Detailed model of the ignition process

accounting for:

* Prediction of laminar flame speed in a wide = Electrical circuit
range of pressure, temperature and = Local flow conditions
equivalence ratio for different fuels (pure or =« Mixture properties
mixtures)

&%\ POLITECNICO
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S|l Engines: ignition modeling 20

Lagrangian ignition model — Darmstadt optical engine validation

12,00
* Lagrangian approach and swta.ble E o P

sub-models (breakdown, electrical Z Hoo o

circuit, wrinking) B e -

= 25.00 _===_,.——

* Flamelet model for flame propagation c  £Mw F::;:::====="

. . E . aa T 15.00

in the Eulerian phase (gas) £ . - —
» Strict coupling between Eulerian and & h BOR diuionrate ] V¥

Lagrangian phases '

3
00 (a) — CFD (b)
L5
\ z ., 2
L\ 0
= AV :
3 R =
_ i
— . =25 =20 -15 - =20 -13 -
I N | CAD) CAD|

Acknowledgments: L. Sforza, F. Ramognino
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«New» engine concepts 21

The «>55%>» Efficiency club... Rotary engines
_ : i EI
Recuperated split cycle Free-piston i i
yEED 23l A :

Controlled Motion

» Supersonic «air-
injection» * Model integration: thermal + gas

spring + linear generator

» Conventional or advanced

combustion modes, opposed piston
« Fuel injection geometry
and combustion
under _ * Mesh management (deforming grid,
unconventional 7 arbitrary interfaces)
charge motions « Combustion modeling
* Fuel-air mixing modeling with
Acknowledgment: L. Sforza Acknowledgment: G. Gianetti aviation fuels
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Conclusions : IC engine research in next decades? 22

IC engines

Changing in the energy transition
context:

- Fuels

- Combustion modes

- Concepts

Key role of research for years to
come:

- Detalled investigation of new
phenomena

- Addressing engine design

&%\ POLITECNICO

Open-source and in-house
development

Fast adaptation of existing
approaches

Developing new models

Collaborative research
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Thanks for Your attention!

Tommaso Lucchini
Associate Professor, Department of Energy, Politecnico di Milano

tommaso.lucchini@polimi.it
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