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Background 4

Future of IC Engines w

« Efficiency increase
* Reduction of emissions
 New applications

Hydrogen engines
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Background 5

New engine concepts « New challenges for meshing
. | procedure

4

Flexible approach able to be
applied for different type of
engines configurations
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Lib-ICE : mesh management

Full-cycle simulation |_|h|

(Gt

OpenVFOAM

Multiple meshes
approach

Power-cycle simulation Lib

L

OpenVFOAM

Dynamic-layering
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Lib-ICE : mesh management

Full-cycle simulation libbGE WA
Open\VFOAM +
Multiple meshes
approach
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Full cycle simulation — multiple meshes approach 8

Multiple meshes approach 1) Multiple meshes cover the
entire cycle simulation.

Start | MAP o MAP | Mesh MAP) Mesh | MAP MAP | End 2) Each. r_nes.h is valid in a user-
X Y mesh specified interval.

3) Automatic mesh generation
from surface file of the
combustion chamber.

4) During each time-step:
. CAD X [2] cap-v CAD =Y [4] cAp=7 v" Grid points are moved

' k using automatic mesh
—

motion and/or pre-defined
points motion.

v" Mesh topology can be
eventually changed

5) Mesh-to-mesh interpolation.
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User-inputs for mesh generation 9

User-inputs

t
. STL Outpu

* blockMeshDict

+ snappyHexMeshDict él LibICE H Furlrll:gﬁle

« Engine geometrical data

I engineDynamicSetupFoamExec I

« Valve timings

« Mesh quality and
validity parameters

+ g ’
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User-inputs for mesh generation 10

- STL

SEENS NN EPEN e

1\

e Intake valve Each STL divided in several patches to:
closed * Impose different surface refinements
* Impose different boundary conditions

Exhaust valve at
minimum lift

Piston at TDC

+ [l% . . . .
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User-inputs for mesh generation 11

Fluid domain mesh
<€<— generated with
snappyHexMesh

* blockMeshDict

Points in mesh must be specified for all
the separated engine regions: intake,
exhaust, cylinder.

* snappyHexMeshDict

Application of mesh
refinements for
specified CAD range

according to user-inputs
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User-inputs for mesh generation 12

Bore
Stroke
Rod length

Pin-offset

Engine geometrical data
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User-inputs for mesh generation 13

Lift profiles

61 ==~ Exhaust - real
——— Intake - real
5{ —— Exhaust - sim
Intake - sim
€4
)
=3
=
—
2
1
0 — == s
‘s 100 200 300 400 500 600 700
« Valve timings Crank Angle [°]

Minimum valve lift: trade off between
simulation accuracy and computational
time
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User-inputs for mesh generation 14

Mesh quality parameters

Maximum
non-orthogonality

Mesh validity parameters

Maximum imposed duration

Maximum duration relative to
piston displacement

Maximum duration relative to
valve lift fraction

* Mesh quality and validity
parameters
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Full-cycle mesh motion 15

Mesh 1 fl Mesh2 ... m3»| Mesh 90
| |

I Full-cycle engine mesh size
CAD =180 CAD =195 CAD = 892 : i :

<
n

—-— Mesh deformation

0 Mesh generation

<
=

In this example, the engine full-
cycle is covered with 90 meshes

v

Mesh size [millions of cells]

<
w

<
o

The mesh number of cells
varies depending on:
* The cylinder volume variation
« The activation/deactivation of | | P R S | i
mesh refinements for specified 200300 4OOC 00 600 700 800 200
rank Angle [°]

CAD
el " | Evo | Evc | vo | wC |
141 372 3778 5634

o
—

<
o
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Full-cycle mesh motion 16

Mesh 1 H Mesh 2 H»
| | | |

Mesh 90

CAD =180 CAD =195

CAD =892

T
I

=

T

cycle motion

The result of the sequential
concatenation of all the created
dynamic mesh is the engine full-

approach.

The CFD simulation will be carried
out by means of a multi-mesh

sissaise
——
T

_‘{
Tl

1
14
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Full-cycle mesh simulations 17

Flexible approach, tested on more than 40
geometries in the context of industrial/public
projects, PhD/MSc theses:

« 4S-Sl| + tumble e
e 4S-SI/Cl + swirl

« 2S uniflow / crossflow

wwwwwww

i
D
A A e

I RE N

H e

Possibility to include
«floating» refinements

(FMR) to better describe B
relevant flow features e E R
and fuel-air mixing S

ry [}
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Full-cycle mesh generation - examples 18

CFR Engine Sl engine 1 Sl engine 2

1 H

Raus CAD = 180.0 *’?

H
]
4

AT I

18 o o

B I} |1 [ [ T

[EEET:
Y
9

Simple engine with vertical Inclined valves with shaped
valves and flat piston piston and crevices

Application of FMR
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Methodology validation: GDI engine 20

GDI engine

» 3 operating points investigated

> [Each simulations included:

o Gas-exchange
o Fuel direct-injection
o Combustion

__Data__| Value | UoM._

Stroke 85 [mm]

Bore 70 [mm]
Compr. ;
ratio IeE ]
Valves N. 4 [-]

5 -
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Lucchini, T. et al., “CFD Modeling of Gas Exchange, Fuel-Air Mixing and

Combustion in Gasoline Direct-Injection Engines”, 2019-24-0095

Speed [rpm] 2000 4000 5500
BMEP [bar] 2 17 16
¢ 1 1 1
P injection 50 180 200
gl

3 boundary layers ‘

1 boundary layer ‘

T} i HHH ; Valve seat: 0.125 mm ‘

Refinement cone for
injection: 0.5 mm

Crevices: 0.125 mm ‘

Acknowledgment: T. Lucchini
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Methodology validation: GDI engine 21

2000x2 — LOW load

Spray evolution
(1a) (1b)
e L
(2a) (2b)
iameter (m) Diameter (m)
I N
(3a) (3b)
DDDDDDDDDD ) Diameter (m)
L L
Large spray-

Strong spray collapse due
to flash evaporation

angle needed
for good mixing

! MILANO 1863

I_EE | POLITECNICO Lucchini, T. et al., “CFD Modeling of Gas Exchange, Fuel-Air Mixing and
u
- P

Results 4000x17 and 5500-Full — HIGH loads

Wall film and mixing

Time: 396.90 CA

m4000x17
Film Thickness (m) 0.8 m 5500-Full
0.6 -
0.4
0.2 A
0

0.8 1 1.2 1.4
Relative Air-fuel ratio A

In-cylinder 17 turbulence and 1T charge
motion intensity promote air-fuel mixing

Acknowledgment: T. Lucchini

Combustion in Gasoline Direct-Injection Engines”, 2019-24-0095 www.engines ‘pO“ml'lT



Methodology validation: GDI engine 22

ReS |tS Time: -171.60 CAD Time: -68.90 CAD Time: -66.60 CAD
L quoT T
EQADO g
EQDOO
Overall satisfactory 1600
results achieved at 1200
different loads and 800 .
speeds 500
2000x2 - LOW load 4000x17 — HIGH load 5500xFull — HIGH load
Pressure and AHRR Pressure and AHRR Pressure and AHRR
2 2 2
H H T === Exp. e
» Low-loadis demanding " ;& 1755 — 753
condition due to: ~__08| 52 53 1 15 2
;:o.s 125% % | 125§ ;: 1'253
ol turbulence 1 8 2o P8 . 8
o Stratified charge 3™ °752 So 0758 gos 072
302 05 § 5 058 5., 0s &
0.25< 0258 ,j025&
. %40 2 o 20 40 60 % 3 % yh T %% % 0 5
Acknowledgment: T. Lucchini Crank Angle [deg] Crank Angle [deg] Crank Angle [deg]

Lucchini, T. et al., “CFD Modeling of Gas Exchange, Fuel-Air Mixing and q o _ac
WWW.ehglheS.pOHml.IT
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Methodology validation: 2-S Diesel marine engine 23

Oxygen
concentration

i POLITECNICO
MILANO 1863

Two-strokes Diesel marine engine

Velocity

-

\

* ACMI coupling used for
the inlet port opening

* Mass conservation error
checked to be acceptable

Mass error [%)]

0.08%

0.07%
0.06% -
0.05% -
0.04%
0.03%
0.02%
0.01% -
0.00% -
-0.01%

Mass conservation

Mass cons. error
below 0.1%

Crank Angle [deg]

www.engines.polimi.it



Methodology validation: 2-S Diesel marine engine 24

a )
Results o e Combustion process
8
~-% Cylinder pressure ______’ =
—CFD ] cC):.
2 [#]
g =
: =
(mmmm e
M - SN Crank Angle J Good agreement in term of
Crank Ahgle e Scavending orocess e, | ) pressure peak amplitude and
T e < gingp —1D location with respect to
Cylinder temperature —CFD .
—CFD AN \ experimental measurements
g g Rather good agreement with 1D
5 e ] simulation, similar trend with
experiments except for an offset
Crank Angle \ Crank Angle )

+ a . . . .
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Methodology validation: wankel engine 25

Wankel engine . Acknowledgment: T. Lucchini
}/‘i’q\\ 1D Gasdyn model
T3 X\j; 3 supportmg CFD
e} simulations
°/ N
= Validation — gas exchange
|
Time: -252 2 .
Geometry data ' ' ] o
Generating radius ~70 mm 7
Eccentricity ~11 mm xézo
~50 mm 12
E
Compression ratio ~10 i 5’&
Speed 7500 rpm & I:; -200 0 200 0 400 600 800

+ a . . . .
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Methodology validation: wankel engine 26

10 AHRR rpm7500thr98P09cHeat5 10 AHHR / HRR / Heat Transfer rpm7500thr98P09cHeat5 1o
Validation — combustion —— — AHRR CFD-3D
—— CFD-3D 8 —— HRR CFD-3D s
—— Heat Transfer
Time: 430.5 - _ 3
) =l =
S g =
>, S 2
14 o
: ¢ :
< < T
550 600 650 700 750 800 550 600 650 700 750 500
Crank angle [ded] Crank angle [deg]
30 1
- Heat transfer model:
Lo & Angelberger, further tuned to
o 5 match the cylinder pressure
| wo B trace.
v e T gy Need to further improve the
* 8 s heat transfer prediction:
- N el R « Near wall mesh resolution
R 600 500 550 600 650 700 750 800 . . .
Acknowledgment: T. Lucchini s50002 Grank angle [deg] * Modeling (including CHT)
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Lib-ICE : mesh management 27

L

OpenVFOAM

Power-cycle simulation Lib

Dynamic-layering

\ POLITECNICO Lucchini, T., Della Torre, et al., Automatic Mesh Generation for CFD Simulations of . il
JUEES Direct-Injection Engines (2015) SAE Technical Papers Www.engines.po imi.it



Lib-ICE : power cycle simulation — dynamic layering 28

Wedge

» Used for axisymmetric combustion chamber
with flat head

» Possibility to generate a jet-oriented grid

B
* R
U
- P

Full geometry

» Used for complex geometries with very
detailed cylinder head and piston

www.engines.polimi.it



Lib-ICE : power cycle simulation — dynamic layering 29

Time: -358 CAD

Wedge

m
Python-based tool for mesh-generation f

Zospray

215pray

ZLayer

zzzzzzzzzzzzz

nnnnnnn

RRRRRRR

Create 3 mesl

-0.02

0
0000 0005 0010 0015 0020 0.025 0.030 0.035 —0.04
Open Paraview

200 +& 8@V Foomect 200 +¢« BEY

_ 3D mesh of a sector is generated on the
Mesh blocks are created in such a way basis of user specifications.

to be consistent with the spray angle. Tangential refinement can be applied in
order to keep constant the cell size.

+ [l% . . . .
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Lib-ICE : power cycle simulation — dynamic layering 30

Full geometry
. S hf Mesh moving
Background mesh Mesh generation et—gp mesh Tor
using blockMesh snappyHexMesh moving process

N (D
)

» Used for complex geometries with very detailed cylinder
head and piston

» Easier way to perform closed-valve simulation since the gird
is generated only once

Ak . .
I'EEU: | oo O www.engines.polimi.it



Methodology validation: H, engine 31

Acknowledgment: F. Ramognino

| Feature | A=24-ML | 1=2.6-ML | 1=3.0-ML | A=2.6-HL
24 26 3.0 26

A [

Hydrogen engine

» 4 conditions investigated

under variations of;:
Spark timing

o air-fuel ratio 1 [CAD] 24.2 20 32 =30.2
o load IMEP [bar] 8.5 8.5 8.7 11.2
| Data | Value [ U.o.M._ Cell size = 0.8 mm
Stroke 386 [mm] » Each simulations included:
2o e |l a) Tumble initialization
Compr.
raﬁg 11:1 -] b) Combustion
Speed 1500 [rpm] Pead
with both 1D (Gasdyn) and o t/ \
3D-CFD (LibICE) approaches 'ston Ignition position

I_EE &8y PoLTECNICO Ramognino, F. et al., “A Fast and Reliable CFD Approach to Design
1]
= P

www.engines.polimi.it
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Methodology validation: H, engine

a) Tumble initialization

homog.
b) Combustion
o~ CA: -26.00 3 e OVG ra”
o] * satisfactory
o «_.  results achieved

k [m2/s2]

3 3 £
g 5
——
°
s

“ with both 1D and
3D approaches

Acknowledgment: F. Ramognino
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120
100

80

Pressure <«
40)

20

32

A=24-ML A=2.6-ML A=2.6-HL A1=3.0-ML
Lambda2.4 Lambda2.6 Lambda2.7 Lambda3.0

| — B

IMEP 1 | — o
”
a /\
/

Spark Advance - i\;’(\w
—— ID-CED

210 =20 020
[CAD)

40 =40 =20 0

[CAD)

Ramognino, F. et al., “A Fast and Reliable CFD Approach to Design

20 40 =40 =20 O 20
A

AT

40 =40 =20 0 20 40
[CAD]

Hydrogen Sl Engines for Industrial Applications”, 2023-01-1208

www.engines.polimi.it



ine

ton engi

1S

ﬂu
o
)
.
Yo

dation

G4 GEEGOAEGGEEO0nEGaN A aG Y

GINEE00G,
LT
AR A A A A
AN AAA AT A A AT
AAAAAAAAAAAAA A AAAAAN AN AT
AL -.tttm-.‘.‘.sstt.‘.-.tt.v

mma.nn“
G
AT A S

HAAAAAMAAAAAAAAAAAAAAAAN A AA A1
RAAAAAA

LA A A
AR A AAAAAAAAA A AAA

505G AU G L GULE NG U N nUGG G iagnn.
HAAAAAAAAAN A MAAAAA VAAAAAV A
EAA A A AAAA A AR A AL A
NAAAAAAAAA A AR A AT A AAA
PAAAAA N NAAAAAAAA A A1
AAAAAAAAAAAAA A A AR A
S A ey

P A

A S RREARRS SRR
P

et e AR A A

VAT AAAA A A A AL
NAAAA AT

2990833833390 38 0

NAAA A
A A
HC1T 3

Mesh deformation

Dynamic layering
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» Flexible approach for mesh
handling composed by
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Methodology val

DEERAGGE|
308039302007,008
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[mm]
[mm]

Value
2x140
108

Stroke
Bore

Compr.

[-]

[Hz]

1

27

ratio
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Frequency
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Methodology validation: free-piston engine 34

UMagnitude (m/s)
01 30 60 90 120
TETRTE TR TR

Results

» (Gas-exchange simulations
were performed to have a
first estimation of the two
main parameters for a 2S

U Magnitude

. . 0.01 58 116 173 230
englne Scavenglng prOCeSS “\\IIHH\H\HHIIHHHHIH
Time: 0.0190 s
. Time: 0.0135s 0.0035
> Next steps: combustion
simulations
Engine Parameters ) oo
Charging Efficiency 78% o000
Cyl . Gas Pu rity 74% 0.013 0.0155 0.018 0.0205 0.0ii?;ﬂe [S]O.OZSS 0.028 0.0305 0.033

== Cylinder mass [kg] e (02 cylinder mass [kg] ====H20 cylinder mass [kg]
N2 cylinder mass [kg] 02 cylinder mass [kg]
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Conclusions 35

G
%
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P

OpenFOAM + Lib-ICE : consolidated
and validated tool for the simulation of

|IC engines

Some improvement still needed,
research is going on

No need for external user-licence
programs

General and flexible approach that
can be applied to different engine
configuration
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