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Introduction

Why CFD for internal combustion engines?

» Detailed analysis of injection and combustion

processes
» Control of pollutant formation to help meet

the continuously stricter emission regulations
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Introduction 4 )

Why CFD for internal combustion engines?

» Detailed analysis of injection and combustion

processes
» Control of pollutant formation to help meet
the continuously stricter emission regulations

Spark-Ignition (SI) engines: focus on gasoline
direct injection process and mixture formation

* In-vessel optimization of spray setup

* Validation of the proposed setup in the context of
research and industrial projects for the design of
modern, state of the art engines
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Why OpenFOAM?

Requirements OpenFOAM is the solution

Implementation of new models * Free and opensource
Research on fundamental topics . Many pre-implemented

* Extensive validation using . _ _
capabilities: meshing, numerics

different type of data (engine, g
vessels) models
* Different available versions but very

Fully integrated methodologies compatible

* Perfect basis to develop own
Massive application in research » libraries and solvers for complex
and industrial projects problems

T\ POLITECNICO I‘ GROUP

e }Ff! miLano1863 QB roumecnico b miano

www.engines.polimi.it



Numerical framework: the LibICE

Internal combustions engines (ICE) modeling using the open-source OpenFOAM technology

N (¢

Engine simulation workflyv\ 4 Development )

Mesh generation

Engine flows

OpenFOAM

Calculated

LIbICE

Library: physical )
models, mesh

management y

Spray modeling

Diesel combustion _
Sl combustion

Applications: solvers )
(cold flow, SlI, Diesel,

after-treatment), utilities
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S| engines: main research workflow

Sl engines

' I
[ Mesh Air-fuel
H H  Cold flow A
i management [ mixing
[ [
[ ‘ [
[ [
» Automatic mesh [ Discretization Lagrangian
[ generation I Turbulence spray
] » Mesh I models Sub-models
l motion/quality Charge Mixture
[
1 > Topological motions formation
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i changes i
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Mesh generation and management

Global methodology

Full-cycle simulations

» Multiple meshes

» Mesh to mesh interpolation
strategy

Duration of each mesh

» User defined + quality criteria

nitial mesh
at Crank
angle O,

ecurr= 90
Move mesh for AO

ecurr = ecurr + Ae

Mesh quality
and duration
satisfied?

Generate a new
mesh with
snappyHexMesh

N

Move surface

geometry to

currentcrank
angle 0,
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Mesh generation and management (10,
Case study: IFP optical engine

IMEP 4.7 bar _
Swumble Standard tumble High tumble

Intake pressure 0.58 bar
Exhaust pressure 1.03 bar
IVO 360 CA
IVC 573 CA
EVO 129 CA
EVC 361 CA

RPM 1200 ||| = A

: R P

TP E | |
cAr]
www.engines.polimi.it  {§Z) FoLTEchco LGROUMP




S| engines: main research workflow

Sl engines
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Sl engines: cold flow simulations 12,

Validation of the numerical approach

Post-processed fields

» In-cylinder pressure (comparison between computed

and 1D/experimental data during gas exchange and
compression phases)
 — a50 500 550

Crank Angle [deg]

ssure [b:
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Sl engines: cold flow simulations 13,

Validation of the numerical approach

Post-processed fields ©OHDGAS

» In-cylinder pressure (comparison between computed
and 1D/experimental data during gas exchange and
compression phases)

» In-cylinder charge motions U Magnitude
—_— Doy 2y (P —7e) x Vi 250
i=1 j=1 3 J 2 200
e, Operating condition: HT-501-460 - Operating condition: ST-501-460 ]
— Calculated [— Calculated|
14 14 _ -| OO
1.2 1.2 E
1.0 10
%g‘”_ igus O 1 -| 5
0.6 : 0.6
04 0
2| 0.2
ngﬂ.ﬂ 450 500 550 600 650 100 n?ﬂ[’ 450 500 550 600 650 700
Crank Angle [deg) Crank Angle [deg]
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Sl engines: cold flow simulations @

Validation of the numerical approach

Post-processed fields ©OHDGAS

» In-cylinder pressure (comparison between computed
and 1D/experimental data during gas exchange and
compression phases)

e R i

\\\\% £% :‘ g

» In-cylinder charge motions U Magnitude

160 5 250

40 = :
Effects of rpm 120 & —TKE_1200_rpm §200
on thein- 100 ¥ —TKE_1000_rpm E]OO
cylinder 80 | i
turbulence 60 0.15 7
ntensity "53;;, W’

°CA
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Sl engines: cold flow simulations

Validation of the numerical approach

» In-cylinder charge motions (PIV, TU Darmstadt ICE)

Velocity [m/s]

Post-processed fields

In-cylinder pressure (comparison between computed
and 1D/experimental data during gas exchange and

compression phases)
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S| engines: main research workflow

Sl engines

www.engines.polimi.it
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| Mesh Cold flow [ Alr-fuel
management i mixing
\ 4 \ I 4
l
» Automatic mesh » Discretization ] Lagrangian
generation » Turbulence [ spray
» Mesh models 1 Sub-models
motion/quality » Charge i
> Topological motions |
changes |
l
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Lagrangian GDI spray modeling (17

Background of the research

The control of the fuel-air mixing is an essential component of a gasoline engine design for:
- combustion efficiency
- pollutants formation (mainly soot)

(KL,.)

N peionind

Spray evolution and associated soot luminosity (Koegl et al., Applied Energy, 2018)

A trend towards the use of Gasoline Direct-Injection (GDI) has been established, with improvements in:
e cold-start performance

* knock tendency Further improvements and shortened design cycles could be
* overall thermal efficiency achieved by carrying out computational fluid dynamics (CFD)
simulations
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Lagrangian GDI spray modeling in a static vessel @

The reference injector geometry: ECN Spray G

Eight-hole GDI injector manufactured by Delphi and made available by the Engine Combustion Network

(ECN) both for experimental and numerical investigations . :
Orifice diameter .
. . 0.165 mm
(specification)
Orifice drill 37° relative to the
angle nozzle axis
Fuel Iso-octane
Ambient gas Pure. nitrogen
o (inert)
Injection 200 bar
pressure
Fuel 363.15 K
- temperature
Z:Z 150,00 Ambient 573.15 K
; e temperature
In Ambient density 3.5 k¢
0cc Injected mass 10 mg
Injection
Time aSOl: 0.0 ps duration 780 pis
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Lagrangian GDI spray modeling in a static vessel

The chosen injector geometry: ECN Spray G

Main Spray G operating conditions

Ambient

pressure

19

__Ikpal |

Baseline condition,
studied since ECN2
workshop

Flash boiling
condition:

pV(Tfuel) > Pamb

www.engines.polimi.it
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Highest

evaporating

condition:

spray
collapse

Homogeneous operation of
GDI engines with early
injection
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Lagrangian GDI spray modeling in a static vessel

Validation of the numerical approach

20

Post-processed fields

> Axial vapor penetration

Computed as the maximum axial
distance from the injector nozzle
where a mixture fraction of 0.1%
is found

Vapor penetration [mm]
> o o &
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Lagrangian GDI spray modeling in a static vessel

Validation of the numerical approach

Post-processed fields

> Axial liquid penetration

Since ECN6 Workshop: innovative
computation based on double
axial threshold of Eulerian
Projected Liquid Volume (PLV)
field
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Lagrangian GDI spray modeling in a static vessel @
Validation of the numerical approach

o
o

Post-processed fields

== UoM - Experimental
— Computed o

o
o
@
7]

0.030

> In-plume liquid distribution

== UoM - Experimental
= Computed i

0.025

0.020

Axial evolution over time of the
Projected Liquid Volume (PLV)
Eulerian field

0.015

0.010

Projected liquid volume [mm3/mm2]

0.005

Projected liquid volume [mm3/mm?2]

0.000 5 10~ 15 20
Axial distance [mm]

0.040 ‘ R — 10 15 20
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£ 0.035 = Computed
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E
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> THE UNIVERSITY OF
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I . .
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Lagrangian GDI spray modeling in a static vessel @

Validation of the numerical approach

Simulation

Post-processed fields

Experiments

THE UNIVERSITY OF > P LV m O r p h 0 | Ogv m a pS

MELBOURNE

Projected Liquid Volume (PLV) Eulerian field
30 40 50 used as a source for a direct comparison over
time between experimental and numerical
spray morphologies

G2 Range: 0 — 0.01 mm3/mm?
G1

25 25

Experiments

Simulation

Experiments Simulation

20 20

15 15

10 10

5 10 15 20 25 30 35 10 15 20 25 30 35
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Lagrangian GDI spray modeling in a static vessel @

Validation of the numerical approach

Post-processed fields Sandia Different motion regimes:
National
> Centerline axial velocity Laboratories
Axial gas velocity evolution over G1 Coll
time evaluated at 15 mm 10' — Slanﬁllia—‘ Ex‘peri‘mer‘ﬂallPl\} - i ° apse
downstream of the injector "3 — Computed 7o/~ 400 i i
— T [i 1\ %
nozzle. It allows for the (£ 1 . : 7\ %,
assessment  of  entrainment |z . ] 1 /%%
efficiency 3 1 20} i %%%’%i
§7 - ; " Phus : S Plumes 786 ‘?l‘a
5 | 101 5 fadediie” ® /\]r
é T @Plume arrival Ep| @
. 7 0 a \ Upward motion | @ o Downwa;d motion
_107 i Y S E— | l @ +— *@ - J d @Reversaltime
0 250 500 750 1000 1250 1500 1750 2000 1Q + [ L n
Time after SOl ] 0 500 1000 1500
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Lagrangian GDI spray modeling in a static vessel @
Validation of the numerical approach

G1 - PDI Post-processed fields
35 — 1 - 1 r 1 - 1 r T T T T T . ] .
sol GO Experimental PDI ] » PDlI liquid droplets velocity and SMD
i C o 0.3ms
| — Computed - Liquid , ; , : , : , :
-+ Literature data, MIN
— Literature data, MAX | 4
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Cae 3 - TCase 1 (ECN) 200
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® Case? 1 Case3 (ECN) 200
@ Cieod |  Cased 200
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~ - ] Case 6 200
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_____ ""---.______ s . Case 8 150
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| . | . L , | . Case 11 100
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S| engines: main research workflow

Sl engines

www.engines.polimi.it

l
| Mesh Cold flow [ Alr-fuel
management i mixing
\ 4 \ S 4
l
» Automatic mesh » Discretization [
generation » Turbulence [
» Mesh models 1
motion/quality » Charge I | > Mixture
> Topological motions | formation
changes |
l
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

Verification of simulations
accuracy

Conservation of fuel mass
from one case to another

0.6
H film (m)

e-5
2e-5

—le-5

Multiple spray impingement
spots on piston and liner

Mass [mg]
°
=

806
- 0.2

01.
0.0 S

~

I

| —4e-6

Time: 543.30 CA

558.4

IFP, SOl =540 CA

Wall Film

- End Time
Start Time

568.9
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Sl engines: GDI full-cycle simulations 28

Numerical validation. Case study: IFP optical engine

Verification of simulations IFP, SOl = 460 CA
accuracy

14

Conservation of fuel mass
from one case to another

12

H film (m)
7e-5
1.6e-5

10

Multiple spray impingement
spots on piston and liner

[=]

1.2e-5

- 8e-6

Fuel mass [mg]

[=)]

de-6

Impingement, wall-film i .

evolution (evaporation, 0 oy

stripping) on intake valve i Vot
ESO dr,.":)OO 550 600 650 --T:Oalance 750

Overall fuel mass cronk Angle (des]

conservation
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Sl engines: GDI full-cycle simulations 29,

Numerical validation. Case study: IFP optical engine

SOl =460 CA
» Air-fuel mixing: effects of in-cylinder flow motion and turbulence on the liquid spray and vice
versa

www.engines.polimiit () rosrecico M GROUP
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

50

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence on the liquid spray and vice

versa
f f;
High-tumble >
SWU m ble Time: 463.00 CA Time: 462.50 CA
U mag (m/s) U mag (m/s)
_______ E Time: 462.50 CA
E U mag (m/s)
—580 —280
éw ‘ééo ,:;50
IFP, SOI = IFP, SOI =
460 CA ' : 460 CA
20 20 ~40
0‘[;01 0.001 20
0.001
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Sl engines: GDI full-cycle simulations (31

Numerical validation. Case study: IFP optical engine

1 — 7T T * T T T T T T T * T 7 —
» Air-fuel mixing: effects of in-cylinder flow motion and turbulence | = S0rT St ] | IFP, SOI'=460 CA
.. . 0951 | SO1460 - High Tumble 7]
on the liquid spray and vice versa 2 ool ] p ted
< 0 . romote
%;0.85_ B hich ixt
‘ ; - 1 igher mixture
‘ High-tumble %0.75_ . homogenelty’
| | £ o ] on average, by
Swumble E— ‘ B ocs) . the Swumble
i ime: 2 P T R T B R S R i i
Umagimi/e 1 U mag (m/s) 0980510 540 570 600 630 660 690 720 confi guration
! Eo CA-DEG
5;80 :;ao - 0,6 + ,E 06 + <
E : 7] k3]
E:s . 04 + § — Lambda 10,4 § — Lambda
] = Z
o 02 7z 02 % =
| ] : 1l
20 0 } - - 0 { J
. E 02040608 1 1,21,41,6 02040608 1 121,416
Swumble, 700 CA High Tumble, 700 CA

= Similar in-cylinder Lambda density distribution
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

>

Air-fuel mixing: effects of in-cylinder flow motion and turbulence

on the liquid spray and vice versa

Swumble

Time: 463.00 CA

U mag (m/s)

High-tumble

Time: 462.50 CA

U mag (m/s)

Time: 700.00 CA

Time: 700.00 CA

Lambda

1.5

| ]
—1.26

Lambda

15 H

IFP, SOl = 460 CA

Swumble: lean
mixture near the
spark-plug and
the cylinder-head
surface. Rich
mixture in the
crevices

High-Tumble:
mixture closer to
stoich. conditions
in the chamber.
Both lean and rich
distributions in
the crevices

www.engines.polimi.it
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence

on the liquid spray and vice versa

Swumble Time: 463.00 CA ! R |

U mag (m/s)

—80
60
40

—20

0.001

High-tumble

Time: 462.50 CA

U mag (m/s)

0,0005
0,00045
0,0004
0,00035
0,0003
0,00025

0 ’
E - 0,0002
—80

0,00015
0,0001
0,00005
0

IFP, SOI = 460 CA

Film mass, 700 CA

Film mass [mg]

_=

SW HT

ST

= Higher overall residual mass of wall film is
observed at 700 CA for the Swumble configuration

compared to both High and Standard tumble cases

G
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Sl engines: GDI full-cycle simulations (34

Numerical validation. Case study: IFP optical engine

IFP, SOI = 460 CA
oottt

— SOI 460 - Swumble i
— SOI 460 - High-Tumble .

— SOI460 - Standard-Tumble| |

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence
on the liquid spray and vice versa 1.5

e 1.25
N B High-tumble

Swumble Time: 463.00 CA 7 §
& f e sasocs Zo07s -
! EO
L amd [ ]
‘;’0 " ." ‘ 560 ’
- : 0.25 —
= —a0 \d 4
,520 ol v 1 1S
20 0450 480 510 540 570 600 630 660 690 720
g CA-DEG
0.001 : . . . . .
oo = For each condition, the liquid jet momentum
destroys the in-cylinder tumble motion between
SOl and EOI
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Sl engines: GDI full-cycle simulations 35

Numerical validation. Case study: IFP optical engine

SOl =540 CA
» Air-fuel mixing: effects of in-cylinder flow motion and turbulence on the liquid spray and vice
versa
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S| engines: GDI full-cycle simulations 36,

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence on the liquid spray and vice
versa

Standard
Tumble
Swumble
Time: 542.20 CA Time: 543.30 CA
Uigg (m/s) UEQ (m/s)

E> = | IFP,SOI =
ééo '560 540 CA

l;o EAO

E20 EZO

0.001 0.001
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence

on the liquid spray and vice versa

Swumble

Time: 542.20 CA
U mag (m/s)

Standard
Tumble

Time: 543.30 CA

U mag (m/s)

0.95-

— SOI 540 - Swumble
| [— SOI 540 - Standard-Tumble

IFP, SOl = 540 CA

= Consistently

3
= 0
Ehadls ] higher
2 081 —
g promoted
230.75- . .
E L 1 mixture
= .
sk 1 homogeneity by
0gL . . . . . the Swumble
40 570 600 630 660 690 720 . .
CA-DEG configuration
06 + g —— 06 T o 1
5 Lambda 2 Lambda
04 | € 04— ¢
> s
012 | .a l 1 012 E .E I
[a]
0 ; - ll 0 9 l 11l

02040608 1 1,21,41,6

Swumble, 700 CA

02040608 1 121416

Standard Tumble, 700 CA

Similar in-cylinder Lambda density distribution
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S| engines: GDI full-cycle simulations 38,

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence Tme: T000CA
i IFP, SOl = 540 CA

E1.5

on the liquid spray and vice versa

=  Swumble: lean

Standard = mixture near the
Tumble P spark-plug and the
Swumble E cylinder-head
Time: 542.20 CA Time: 543.30 CA surface. Both lean

U mag (m/s) ‘

E" » . and rich mixture in
;:80 Time: 700.00 CA the crevices

= Standard-Tumble:
mixture closer to
stoich. conditions in

U mag (m/s)

Em E‘ the chamber and

. 001 E.s near the spark-plug.
Very lean zone on

. the right intake-side
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S| engines: GDI full-cycle simulations

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence

on the liquid spray and vice versa

Swumble

Time: 542.20 CA
U mag (m/s)

vyt

Standard
Tumble

Time: 543.30 CA

U mag (m/s)

IFP, SOI = 540 CA

Film mass, 700 CA

0,25

0,2 -

0,15 -

0,05 -

Film mass [mg]

SW

= Higher overall

e

HT

residual mass of wall film
observed at 700 CA for the Swumble configuration
compared to both High and Standard tumble cases

ST
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S| engines: GDI full-cycle simulations 40,

Numerical validation. Case study: IFP optical engine

» Air-fuel mixing: effects of in-cylinder flow motion and turbulence

on the liquid spray and vice versa

Swumble

Time: 542.20 CA
U mag (m/s)

Standard
Tumble

Time: 543.30 CA

U mag (m/s)

Homogeneity Index (HI)

IFP, SOI = 540 CA
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For each condition, the liquid jet momentum
destroys the in-cylinder tumble motion between

SOl and EOI
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Conclusions @
CFD modeling of GDI injectors/engines with OpenFOAM/LibICE

Comprehensive methodology capable to predict the most challenging physical phenomena related to
modern GDI injectors and engines. Extensive support both for research and industrial design processes
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