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CFD for IC Engines: why OpenFOAM?

Requirements OpenFOAM is the solution

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

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

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

Fully integrated methodologies compatible

e Perfect basis to develop own
Massive application in research libraries and solvers for complex
and industrial projects problems
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In-cylinder simulations workflow

Engine CAD
data

Automatic

mesh
generation Mesh
handling _ .Gas.
. . injection

Combustion
models
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Spark-ignition engines: mesh generation and handling

Input data Automatic meshing Mesh-motion

nitial mesh
at Crank
angle 0,

e«:urr= e0
Move mesh for AO

ecurr = ecurr +A0
eo= ecurr

[

Generate a new
mesh with

Input engine geometry snappyHexiesh
data: 7
e STLgeometry
» stroke, bore, connecting Move surface
geometry to
rod Iength currentcrank
. angle 0,
e valve lift curves
* rounds per minute

Mesh quality
and duration
satisfied?

meshing
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Spark-ignition engines: mesh generation and handling

Mesh motion and full-cycle simulation

CA: 1800

At

Time: 374.000000




Sl engines: direct-injection
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Spark-ignition engines: EU project HDGas

* Purpose: development of dedicated SI, natural gas engines for heavy duty
e OpenFOAM and LibICE used for design of combustion chamber and analysis of fuel-air mixing

Intake port design Charge motions analysis
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Spark-ignition engines: EU project HDGas

Simulation of the fuel-air mixing process
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Spark-ignition engines: EU project UPGRADE

* Purpose: development of a new generation of GDI Engines with high efficiency and low-soot
e OpenFOAM and LibICE used to perform full-cycle simulations (gas exchange, fuel-air mixing and
combustion) in both production and optical engines.

Turbocharged engine with Multi- . .
o Full-cycle simulations (gas exchange only)
air® technology Time: 180.0 CA-deg
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150

[112.5

Cylinder pressure [bar]

2000 rpm, bmep = 2 bar [ 0 = S
2000 rpm1 bmep:4bar i37_5 180 210 240 270 300 330 360 390 420 450 480
1500 rpm, full load : Crank angle [deg]
2500 rpm, bmep = 13 bar
| Acknowledments: A. Gerini, S. Zandiri, F. Perna (CRF
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Spark-ignition engines: EU project UPGRADE

Simulation of the fuel-air mixing process with wall-film

, IFPEN

Time: 396.90 CA Exp. data courtesy
Film Thickness (m) of IFPEN (Dr. M.
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Lewis number trend

Spark-ignition engines: combustion modeling { :tz;;;‘
Comprehensive approach for spark-ignition combustion g
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Spark-ignition engines: combustion modeling

Comprehensive approach for spark-ignition combustion — CHIBA VESSEL
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Spark-ignition engines: combustion modeling

GM pancake engine
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Diesel engines: mesh generation and handling

Automatic mesh generation Mesh handling

Dynamic layering

Bowl #3

Bowl #4 Bowl #5 Bowl #6

From CAD to SIMULATION: 10 minutes

00 +v D@V ey
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Diesel engines: spray modeling

Liquid+vapor penetration

TUE Vessel
Expcrimcntal Calculated
. dmj =205 pm
e 3D mesh
* Huh-Gosman + Pilch
Erdman
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Diesel engines: combustion modeling

RIF: Representative interactive flamelet model Tabulated kinetics
CFD [« T(®) [« H®=2h-YR) Kinetic " HRTable )
domain I ~ * * mechanism Homogeneous, - Composition (virtual
» H (X) constant- species)
L pressure reactor - Output species
~ B Conditions simulations
02w ol P Rl
M; > =
From HR tabulation to more complex flame structures and
_ T combustion models for different conditions:
(Z,1) | , . : :
v "'( ) Flamelets - TWM : well mixed (no turbulence chemistry interaction)
Xstj P > - TPPDF : presumed pdf

«  Flamelet equations solved in the mixture fraction - TRIF : RIF model with tabulated reaction rate (from HR)

space (regionModel) - TFPV : flamelet progress variable model. Reaction rates
e Direct-integration of chemistry in Z-space and based on diffusion flame calculations performed with the
integration of B-pdf to get the composition in any cell. TRIF model.
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Diesel engines: RIF model

FPT C11 engine
Heavy-duty engine for road transportation
14 (a) (b)
@)
: @)
2
< © o
g O O
@) o | €«
0
2200

600 Engine speed [rpm]

. 14 operating points selected at different
loads and speeds Spray-oriented grid
. Spray model constants tuned using
results from TUE vessel simulations

Acknowledgments: G. Hardy (FPT)
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Diesel engines: RIF model

Heavy-duty engine for road transportation: engine performance prediction (pressure and work)

FPT C11 engine
250 1.2
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Diesel engines: RIF model

FPT C11 engine

Heavy-duty engine for road transportation: pollutants prediction (NO, and CO)
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Diesel engines: tabulated kinetics

FPT F1C engine
Light-duty engine for road transportation

CUIpI Iduuv 10

1.2 ;
VG 1145 deg Nozz hole di

6 EVO 110 deg || Hom

o
[{a]

bmep/bmep,ax
o o
w [+}]
™)
@)
©)
O

Table discretization

Temperature [K] 600 — 1300
Pressure [bar] 30 - 200
Equivalence ratio 0-3

Mixture fraction

segregation 00-1.0

Scalar dissipation

rate X, [1/s] 0-55

1000 2000 3000 4000
Engine speed [rpm]

- TPPDF, TRIF, TFPV
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Diesel engines: tabulated kinetics

120 T ] T ] T | T [ T ] T 120 12
e B50
|« 50% load —- Exp. £
100+ 3.injections — TFPV g
€

» I5%EGR y/

180
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Engine speed [rpm]

(0]
o

 Similar heat release rate
during main combustion

(@)]
o

Pressure [bar]

40

Apparent Heat Release Rate [J/deg]

40 e Ignition delay:
= TFPV ignites earlier
ool L™ | 0 than TRIF and TPPF
20  -10 0 10 20 30 40 during second and

Crank Angle [deqg]

main injection events.
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Diesel engines: tabulated kinetics

T 60 - | ~ "c1o00 |
= 1407 Exp. (line) - — Exp. (line)
s B100 — 1 -
= e TFPV .;.o e TFPV
% 120 e« TPPDF . S » TPPDF _
S e TRIF Bf/q A75 2087
n_ // <§( L
3100— c40 "~ - S 0.6- .
x - < A25 ¢
s A25 1400x50 | S 04F -
s | | z |
S HEG:{"'/ S 0.2/ HeGR ¢ 2

60 . G I |
O
60 80 100 120 140 % 02 04 06 08 i
Exp. Max Cyl. Press. [bar] Exp. NO,/ NO, yax c100[-]

All the models are able to capture in-cylinder pressure peak and NOXx

CPU time: 15 hours on a 8 core machine for a power-cycle (dual-core, eight processor Intel
Xeon E5- 2630 v3 2.40GHZz)
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Diesel engines: alternative combustion modes

Conventional Diesel combustion
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Diesel engines: soot prediction s |  ompued TS —computed 3
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After-treatment
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After treatment

Overview of the
physical scales of
the problem
&

CFD modelling
approaches

Micro-scale

micro-scale

macro-scale

component
scale

S~

Component scale




After treatment: computational model

Fluid
mesh

Solid
mesh

Macro-scale model is defined on two overlapping fluid and
solid FV meshes

i Solid mesh support the modelling of different zones (gas,
) washcoat, solid)

Coupling between fluid and
solid regions requires specific
models (Geometry,
Permeability, Heat transfer,
mass transfer, reaction)

Gas Bulk gas
reactions model

Information for the setup of

Substrate th.e models are obta.med by
Surface micro-scale simulations or

reactions experimental correlations.

[l 7) POLITECNICO MILANO 1863



After treatment: DOC simulation

DOC modelling: preliminary validation case

solid:
heater

MF(t)

T(t)
Yi(t)

Electrical
heated
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After treatment: DOC simulation

No Electrical Heating CO,iq -
Tso“d\ haa;\.:s:mm co.rluia;&elrk_u E 500
.m; : 0.o0s m : 450 |
‘;», ‘:n.ml E
I-.:?rlanmoz I :Ii" E o
T 2, o00e-0x Q- 350+
[ S l.om Q Monolith, mid position, calc
3 E £ Outlet, calc
I : ' Q
, : L Outlet, exp
! T i e 00 \ [ - > 200 400 600 S00 1000 1200
Time: 0.0s ﬂOW 2.7800+02 P Coﬂow Time [s]
. . . CO . ° i .
With Electrical Heating ! soid ~* Ceramic substrate (1.b)

[ * Metallic substrate (1.c), with electrical heating P, = 1kW
T, olid |

S

Monolith \

4448 0.0015
[ 2= QE) 3001/ 7% Monolith, mid position, calc (----- current 1.c; - - - original 1.b)
I.fm b Outlet, calc (---- current 1.c; - - - original 1.b)
Tme:00s N T COe / L. 20 200 200 500 800 1000 1200
flow flow Time [s]

71} POLITECNICO MILANO 1863



After treatment: DOC simulation

Full-scale 3D case including DOC monolith and electrical heating

Out: SCR
underfloor

r~  Semi-empirical model to
 describe electrical heating
t . based on assumed
temperature distribution

Agglomeration grid | aggl. step

R B

N [

Fluid

e Cell agglomeration after meshing
* Different maximum Courant numbersin " #

different zones Solid: DOC _-
= CFD Modeling of RDE Cycle is possible! Solid: eHC
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After treatment: DOC simulation

Non-uniform heating Non-uniformity of the
P,=1kW:0-100s heating generates hot spots
P, =0.5-0.2 kW : 100-300 s —> earlier light-off

Temperature

T
l 6.000e+02

525

ﬁ"‘”’ Fluid
Fluid

Solid: DOC
Time: 60.0 s

Solid: DOC
Time: 60.0s

Solid: eHC Solid: eHC

co

o
2.0006-03
f:_o.om 5

oo

'~ 0.0005

0.000e+00
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After treatment: DOC simulation

U Magnitude N .
000 Non-heated DOC configuration

Z1.15

0.9

E%S Time=140s
4.000e-01

1.782e-03

]
\|HO

~0.001777

4.000e+02

-395.75 l

391.5

|.H_'

0.001771

—0.001766
-03

EW.?{SWE

T
-

=387.25

3.830e+02
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After treatment: DOC simulation

Uvagnituds - DOC configuration with non-uniform
Eg.zfu heating (Pel = 1 kW)

p—

o
g
&)

Time=140s

HIIIIHIHIHH
~NO

oo

00e-01

cO
E] 765e-03
T —:0.00164
7.500e+02 B
E?OD —=0.00143
[
—56125 | :0.00123
525 Eo.omoz
G.456e-04

437.5
4.000e+02




After treatment: SCR mixer optimization

Optimization of the mixer geometry
. Variables: angles a, B, y of the mixer blades
*  Function objects: Apyix, UI(NH3) scg ini X 2 MF (low and high)

Injection of
gaseous NH3

Mixer

Evaluation of the UI(NH3)
on the SRCinlet plane




After treatment: optimization procedure

|

CAD: definition of the parametric geometry

-~

\ 4

CFD: calculation of the «simulated» responses (50 + N samples)

\ 4

Surrogated model

\ 4

GA: calculation of the «approximated» responses (1000 samples)

\ 4

Optimum at the Nt jteration
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After treatment: SCR mixer optimization

DOE iter: 4
angle0 - angle2 - nUI1
0.82
0.80
0.78 1
0.76
NH3
~2.000e-04 0.74
“F0.00015 0.72
100
0.0001
Z
¥ be-h
'\-__\_#

0.000=+00




Conclusions on LibICE activities

OpenFOAM for IC Engine simulations

Ideal platform to develop advanced models to simulated complex problems in real
geometries including:

- Turbulent and multiphase flows

- Chemical reactions

- Moving boundaries

OpenFOAM + LibICE: consolidated tool for engine design, optimization and analysis:
- In-cylinder flows

- Combustion and pollutant emissions

- After-treatment devices

Next directions

- Advanced combustion modes (RCCI, PCCI, dual fuel)

- Flash boiling and new wall film model (Lagrangian)

- Models for sophisticated after-treatment devices operating under RDE conditions.
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1D simulation code: GASDYN

Archive Job Edit Tools Help

BEBBRSOCEA» »2BFLle#Aliochny Da|
‘Bm e @ @ ® [7 @ @;® @& &[>
: Select Move Delete ZoomIn Zoom Out | gasdynPost |; Label Image @ Cyl | Turbine Compressor Wgate ! Duct
‘¥ X X X ¥ % » =T & X Z/@a @) ©
{ Chk Jun Los Orif Sud MPipeSup MPipeCol Throttle EgrValve Volume Filter | Cat AxiCat AxiTrap |¢ controller
1368 def

[S-5ow General

W Ty = | i
i Inj Inl Out Closed | DuctMatrix

[ Cylinders
[ Ducts

2 Doy conins T P Developed at PoliMi during

[/ Junctions

: el ]
S jsaamake SHL the last 20 years, now co-
! i developed with Exothermia.

' ﬂm—x—l GASDYN is also coupled to

. the AXISUITE simulation

l_!_l' code, for the simulation of

the complete after-treatment

l_._x_._@ system.

[ pata | “Editor

POLITECNICO MILANO 1863




1D simulation code: GASDYN

« Strong partnership between PoliMi, Exothermia and
Aristotle University on this research topic, for further
developments and applications of GASDYN.
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1D simulation code: GASDYN

- b
%
@, s =
w -2 3
2 B2 =
T i k. =
¥ o) jin ““{:'
ra _PL® BRI Ty
' o e
it o E 4 A =
B o)
ol 1 44 i e
» Pt, — ~
: IS, sy s DS

L4 turbo-charged, natural gas S
engine with complete intake and
exhaust systems.

V10 NA SI high-speed engine with Variable Intake
System (VIS)
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1D simulation code: GASDYN

Conservation equations for mass, momentum and energy in 1D:

6\V\/(X’t)+6F(\N)+B(W)+C(W)=O O,
ot OX N2
oF pUF C o] Ar
puF pu®F + pF —p— CO,
W(x,t) = F(W) = _
x=| S| Fw=" e B P o H,0
] pYF ) puyYF 0 y= H.,
0 CO
Y Yi =m;/m
cwy=| B ! Lo _ NO
- P(A+0re Y= Vector of specie CaHqg
| CpYF O\ YN mass fractions C.H
/ 3Ms

Reactions of species in the flow (exhaust manifold and
catalysts).
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1D simulation code: GASDYN

Model application: Ferrari-Maserati V8 Engine

Swept volume: 4244 cm?3 T
Max. Power: 287 kW @ 7000 rpm

Max. Torque: 451 Nm @ 4500 rpm

111111

Volumetric Efficiency

400

@
8
3

Torque [rpm]

1000 2000 3000

4000 5000

150
6000 7000
Engine Speed [rpm]

Engine Speed [rpm]
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1D simulation code: GASDYN

(“ P\’ ¢J%d+
AR A
- e | T TN
< " —y e
memes | e 8 DR O \ | e (;/ ¢
L U ANy ANEnn
nnr

« 12 Cylinders, V60, 6.2 liters, Variable Intake System, intake and
exhaust VVT, 650 Nm@5400 rpm, 426 kW@ 7500 rpm

bl
3
-
]
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1D simulation code: GASDYN

Pressure pulses in the exhaust system
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1D simulation code: GASDYN
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Gasdyn MDW3Z Model
Multiple Double-Wiebe 3-Zone Combustion Model

e Combustion model developed by ICEgroup * Double Wiebe function * NOx . .
0 Designed to handle modern multi-pulse injection 0 Each pulse burns with a rate defined by the following O Extended Zeldovich mechanism
0 Combustion chamber subdivided into thr{ge zones: expression e CO
0 Fresh charge Fresh charge Exhaust gas b o Equi“brium approach
0 Fuel (Vaporized) ----- Experiment trace
—— Double-Wiebe model
0 Exhaust gas R 15t Wiebe function * Soot ) . . .
2 = — —2nd Wiebe function 0 Semi-empirical Hiroyasu model predicts the soot
- ' formation rate
-
F 0 Semi-empirical Nagle Strickland predicts the
5 oxidation soot step
5]
¢ Combustion rate imposed by means of multiple ‘ o « Combustion model
double-Wiebe law taking account the in-cylinder o o oy - Py o 0 HRR calculated separately for each pulse
conditions Crank angle [deg) o Different Wiebe coefficients for each pulse
O Pressure and temperature o—o V' o_o V* 0 Wiebe coefficients parametrized as a function
0 Mixture composition (fresh charge, fuel, EGR) X, =p|l-ex _[ . 8 ] (-p)f1-ex _[ . “ ) of in-cylinder residuals
0 Injection timings . .
. ¥ ' q
e Fastruntime ) ) ) ) - | )
o 15t Wiebe function 2nd Wiebe function 2 A T — Rate pilot1
¢ Injection (premixed combustion) (diffusive combustion) s 0\ Rate pilot2
0 Each discrete injection event is defined as a pulse s o gate ";a'"
0 Up to 4 number of pulses g _I u'mte' méistrfte
. £ —— Injection pilo
‘ lgmtl(_)r' g —— Injection pilot2
0 Ignition delay calculated as E — Injection main
% _ G o I
% Tign = a'gnpcwm exp (_‘;:_!3) f(EGR) § i} H ",7 \\I{\
E . -30 -15 0 15 30 45 60
e lIgnition occurs when c
tign 1 rank angle [deg]
=30 -15 o 15 30 45 60 J’ _dt =
Crank angle [deg] tg T:‘gu
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Gasdyn MDW3Z Model

Case Study: Four Cylinders, Turbo-Charged, DI Diesel Engine
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e Operating point #3

0 25% load, 2000 rpm, three injections: 2 pil. + main
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* Operating points used to tune the combustion model
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Coupled 1D-3D simulations

Unsteady flows in intake and exhaust systems: 1D-3|
coupling
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Pressure wave validation, 1D-3D simulations

1500 rpm — 40 Nm, 3000 rpm — 220 Nm
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1D-3D simulation of an Aprilia V4 engine

1D code GASDYN coupled to OpenFOAM:
intake air-box, 3D domain

CIL4

Fully tetrahedral mesh,
18000 cells
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3Dcell approach

® A quasi-3D method (3Dcell approach) has been developed and validated as a
compromise between the time-demanding 3D CFD analysis and the fast 1D approach,
resorting to a 3D grid of OD elements (coarse grid: 1-2 cm).

left cell right cell

-
3D Cell 3D Cell 3D Cell
|
Inlet pipe ® (/ > @ C ORN —( Outlet pipe
B ——
p
‘ jj | connector
N . .
Connector S The 3D cell is defined by means of two fundamental elements:
Aftachment ® ~ cell: contains information about the volume of the element and is connected to
other cells by means of connectors
® Unviscous gas: Euler equations 4 connector: contains information about the cell connectivity, the distance from
the center of the neighboring cells and has its own momentum
‘ [ | The model is based on a staggered grid approach
I N e Explicit time marching method
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3Dcell approach

90° T junction:
simulation (coarse grid)
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Simple expansion chamber:
1D model vs 3D cell prediction
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1D-quasi3D integrated model

@ Fully coupled simulation with 1D code (GASDYN)

@ The same numerical method is applied to 1D pipes and 3D components
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Air-box and silencer modeling

FIGURE 25. Pressure field mside the anrbox.
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