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Background 4

Future of IC engines o m

« Efficiency increase
« Reduction of emissions 'y =
- New applications o ©° ST

Hydrogen engines
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Motivations 5

HYd rogen engines A solution to decarbonize

powertrain technology

Non-conventional fuel

L

Need to assess
consolidated CFD models
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Direct injection H, engine
SOpHy
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Experimental setup — D/ — SOpHy 7

» 1-hole injector

> Flat piston

___Feature | Value | _UoM.__|

Bore 92 [mm]
Stroke 85 [mm]
Conn. rod length 166.6 [mm]
Compression ratio 11 [-]
IVC -140  [CAD aTDC]
EVO 130 [CAD aTDC]

B
* R
U
- P

Intake

L+ Exhaust

Injector

Piston
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Experimental setup — D/ — SOpHy 8

Exhaust

» 1-hole injector

» Flat piston
DIl of H,

» Non-reacting condition — into pure N
2

Injector

Operating Speed | TR mm
condition [ ] [rpm] [CAD aTDC]

1500 ~0 - -137 17.5
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Experimental setup — D/ — SOpHy 9

Negligible tumble

Exhaust
» 1-hole injector
» Flat piston
: " DI of H,
» Non-reacting condition —>» into pure N, Injector
>
>

\
H2 injection dur’i{'ng compression

Operating Speed IVC | SOl
condition [ ] [rpm] [CAD aTDC]

1500 % ~0 ,1-140 -137 17.5

m
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Numerical models — D/ — SOpHy 10

PIV measurement at [VC
] -140 CAD

» Only power-cycle simulation —» SOI > IVC

15.00

12.50

» RANS approach

10.00

» Turbulence models —>» [ —¢

U [m/s]
7.50
|

> |VC flow at rest >

——

5.00

» |VC conditions according to measurements
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Operating My, inj H, inlet section
condition [mg/cycle] 1y, [9/S] TO [K]

DI 1.08 309.15 4.36 2.38 310
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Numerical models — D/ — SOpHy 11

> H, inlet 20 mm before nozzle exit H, inlet section

Nozzle exit section

» Imposed conditions at H, inlet

[g/s] 4

|

Ty

2
Operating | Py, Twe M, inj H, inlet section
condition [bar] [K] [mg/cycle] i

1.08 309.15 4.36

o) EQ| lded]
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Mesh features — D/ — SOpHy 12

Refined > 1/2 engine domain

» Non-oriented

» Hexahedral-dominant
topology

Max cell n > Piston motion with
m (@ IVC) dynamic addition/removal
Base 600k of layers
Symmetry plane i\ Refined 240k
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Results — D/ — SOpHYy

Flow structures of
under-expanded supersonic jets

| O A B B B B R B

o LR \

» Base mesh fails

» Refined mesh
seems successful

e e e ] [ ] ] —
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Results — D/ — SOpHYy 14

: X
 Satisfactory (with “refined” mesh):

-130

= |Improved results near liner
[CAD]

= T H, diffusion into N, after EOI

! jet momentum
due to resolved normal shocks

A% . .
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Results — D/ — SOpHYy 15

: X
 Satisfactory (with “refined” mesh):
= Improved results near liner el

[CAD]

= T H, diffusion into N, after EOI
! jet momentum
due to resolved normal shocks
-110
[CAD]
» Lacks (with “refined” mesh):

= | H, dlﬁu§|on into N, during 70
compression [CAD]

A% . .
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Results — D/ — SOpHYy

 Satisfactory (with “refined” mesh):

-130

_ :
Improved results near liner AR

= T H, diffusion into N, after EOI

! jet momentum T agreement
with exp.

II18A00 27.00 36.00 45.00
| |
i
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Port-fuel injection H, engine

PenHy
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Experimental setup — PF/ — PenHy 18

Exhaust

» Central spark-plug
» Shaped piston

___Feature | Value | _UoM.__|

Bore 84 [mm] Spark-plug
Stroke 86 [mm]
Conn. rod length 144 [mm]
Compression ratio 11 [-]

IVC 134.8 [CAD aTDC] Piston ~
EVO 119.5 [CAD aTDC] '2@
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Experimental setup — PF/ — PenHy 19

» Central spark-plug
» Shaped piston
»> High tumble Load 1

> Ultra- Iean c‘qmbustlon <

Operating | Speed IMEP SA
conditions | [rpm] [bar] [] [CAD aTDC]

L2.4 ML {185
I
L2.6 ML 1 Il s85] 26 -26
1500 1~0.9 I'——
L3.0 ML : | 87 30 -32
L2.6 HL L 2] 2e -30

1
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Numerical models — PF/ — PenHy 20

G
% ‘

- 1]

P

¥
. s
SEHE

Mesh features

1/2 engine domain

Non-oriented

Hexahedral-dominant topology

v Vv VYV V

Piston motion with dynamic
addition/removal of layers

Cell side = 0.8 mm

\ Symmetry plane
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Numerical models — PF/ — PenHy 21

”Fast” 1D-3D approach

JN 1aln
” 3D: power-stroke E!elgv"tE:Al&

1D: multi-cycle

» Full engine schematic » |VC initialization
Injection timing I
e— / and mass F—— > In Cylinder Tumble
conditions (p, T) conditions () —], Pyvcand Ty initialization

«z; s
@‘ 1 1
=—-—>>:<—5—>::<-5—x<o;:@j’>x—g—n

» Power-stroke simulation

. . . ©o - CA: -26.00 -
. . A 1.0
» Multi-cycle simulation
— Ewp —— ID-CFD & - 080
20 : 2.6 2.6] .
., o \/\Jﬁ 60 — 060
1.6 1.6 —~ Ij
=350 =300 =250 =200 =150 50 200 250 300 350 4.0 0.40
2.0 0.20
[(vi\\]:)] 90 180 270 360 0.0 0.0 /‘
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Numerical models — PF/ — PenHy 22

IVC tumble initialization

Initialization —— Adaptation —— — Correction __
| Turbulence | Velocity Rescaled U field
for energy losses
v = CiUnmean fff (—Uzy + Uyx) dV ) U Fixed 2
3 . TR L v N iston
k=) N P
2 )k3/2 w{z.flf @ +97)dv So\ position
=0, . . ]
© =%TeD fEfp@y|7i) |
. FEE ra 63 %y)

Adaptation time

Axis )
A 1 A At = Cp 77— X Teyrp
k \ \ /?/ mean
N\ Tumble shape // ‘
— p-00 \\ functions /) PIURT
=N\ )/ = Initialized Actual
7 - 1-eddy structure — multi-eddy structure
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Premixed combustion models — PF/ — PenHy

dpb

23

Libk5E

Ignition
deposition model OpenVFOAM
L | CFD
- _ el - S /.’“\\ solver
e, +V- (pUb) +V- (HtVb) :‘\pusu‘zwb/'/\-l_‘\wig’i'
P [
Turbulent flame
ropagation ;
propag Peters’ correlation
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Su f\\ iq/l ¢4 Zbl 61 " 2bl 61 ¥

p, LtJ Tui Tb; U! p
Pu> Pb» u,r &, Z

€ Yi(Z,b, Ty, p)

1

Composition
look-up table

N —

PuSuE|VD|

B
%
- 1]
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a, giﬁ
Su 61
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Laminar flame
speed
look-up table
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Premixed combustion models — PF/ — PenHy 24

N (ain L., T, Ty U :
» Chemical composition I_IIJI'[:L —> Pt “'u,b'g é” Laminar flame
0 enVFOAM Pur Pp JX=Y) speed
B look-up table
lebYul+(1—b) Ybi <Y, (Z,b,Ty p)
' ' CFD
solver Su: 61
Composition b
look-up table l
> Tabulated kinetics P - > FAE
< p,S,E|Vb| model

v

reheat zone
o@)

p——————————————
OpenSMOKE++
Torn]

Look-u , .
{Tuo, Tur, -} > tablep / Yu,l and Yb,l

o, T
. reaction zone
P [/ [\ (e
T Y,
_ 7 / 0.6
0 P1y - > Yp
X0 x
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Premixed combustion models — PF/ — PenHy 25

S0 correction
for hydrodynamic instabilities [1:2]

> Laminar flame speed > 1> 1 » Strong H,
/7N preferential diffusion
Su :{\CO,'SuO » Ley, <1
K

S
C, =1+ —
SuO

Eq040
[1] L. Berger, et al., ASICI - Associazione Sezione ltaliana del -
Combustion Institute, 2018, https://doi.org/10.18154/RWTH-
20 1 8_ 2 2 5 0 0 9 AR AR A PRI PRI APAAPNARR AP RPPRARARPPRAAPRARNRRARRAAPRAPRPARRKARRAPAARFARNA

[2] L. Berger, A. Attili and H. Pitsch, Combustion and Flame,
2022, https://doi.org/10.1016/j.combustflame.2021.111936

t/rp=1.0 |
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Results — A effect — PF/ — PenHy 26

— L2.4 ML L3.0 ML _

> Dilution effect captured

40

AHRR [J/°]

50 0 20 10 —20 020 40 —20 0 20 40
CA[°] CA[] CA[’]
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Results — A effect — PF/ — PenHy 27

— L2.4 ML L3.0 ML _

» Dilution effect captured

» AHRR ramp
underestimated at T A

Underprediction of S, ?

G, =1+(§4 —lj(ﬂl (;—“J (ij
\ u0 | ¢r Uu,r pr
\ N 0
Su=Co Syo Validity limit: 2 < 2.5

AHRR [J/°]

e

50 0 20 10 —20 020 40 —20 0 20 40
CA[°] CA[] CA[’]
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Results — Load effect — PF/ — PenHy 28

L2.6 HL L2.6 ML

> Load effect captured

= Exp.
== Num. 1D
== Num. 3D

=)

AHRR [J/°]

0
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Results — Load effect — PF/ — PenHy 29

L2.6 ML __

» Load effect captured —[T]

—
@®©
[—
>
(&)

O
o0

» AHRR ramp
underestimated by T load

P

Underprediction of S, ? - Exp.
5 — Num. 1D
ERGIIIN
C =1+ — -1| — — — o
\ Sul, 9, L., (pr T
N v <
S, =CoSyo Validated until: P < 20 bar 0
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Port-fuel injection H, engine
FLRHy
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Experimental setup — PF/ - FLHy 31

» Central spark-plug

» Symmetrical piston bowl

___Feature | Value | _UoM.__|

Bore 83 [mm]
Stroke 90 [mm]
Conn. rod length 145 [mm]
Compression ratio 12 [-]
IVC -156.7 [CAD aTDC]
EVO 142.7 [CAD aTDC]

G
% ‘

- 1]

P

Spark-plug

|

4

Piston\_//
[
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Experimental setup — PF/ - FLHy 32

Central spark-plug

Injector

| Intake
Symmetrical piston bowl |

High swirl .
\
H2 injection énd ~ 120° before IVC

\

\ .
Ultra-lean combustlon R
Operatlng Speed IVC m
condition [] [rpm] [CAD aTDC] M

1500 z13'

Vv V. VYV Y V
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Numerical models — PFI - FLHy 33

Full-cycle H, PFI T Inlet/ Inlet “short” |-
I:’tot 7 B
Outlet P, =
‘;/‘. 5 , Inlet

P [bar]

W\/\/ VW\

CAT’]

1 T @ walls Inlet “short”
LL----------\ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 B
] |
} 1
1 |
| l
W
|
|

homogeneous > \’ﬁ:/ 3D injection
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34

Mesh features — 1 homogeneous — PF/ — FLHy

» Full engine domain

H
£
i

» Non-oriented

!
i .
: » Hexahedral-dominant
EVO topology
| Mesh | Cellsize
= Base 2 mm
: sssssassssssasgssads In-cyl 1 mm
pess | TUWLVL{ T
D < amqj Max ref. 5e-2 mm
1 1
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FLHy
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Mesh features — 1 homogeneous — PF/ — FLHy

Meshes
n. 84

Average size
=~ 680k cells

Generation time
= 8h
with 4 processors

G
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i / MILANO 1863
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Number of cells

36

[
=—Mesh motion

% Mesh generation

200

300

400

500
Crank angle [°]

600

700 800 900
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Mesh features — H, injection — PF/ — FLHy 37

Injector

Generation time
= 16h
with 4 processors
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Numerical models — H, injection — PF/ — FLHy 38

4‘ < Hyinlet, | e
15 mm .::..' ---------------
P
Injector
A j
A | Nozzle exit | 10
A assaseee:
» Extruded mesh —> Optimal cell quality o/s] &
L] L] mHZ
» Imposed conditions  EeYyeer e R NI CECIE
at H, inlet condition | 1, [g/s] | TO[K]
PFI 2.5 311 >
SOl EOQl [ded]
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Premixed combustion models — PF/ — FLHy

39

Libk5E

p, Lt; Tui Tb; U! p

—>.| Laminar flame

speed
look-up table

=k

FAE
model

» FAE model Pu Py U € 7
o m— - OpenV/FOAM S \
Py (pUD) + V- (u VD) —\pu uH|Vb|41wlgn; (2}
at v g\“
| I e“
2 \ 2 ‘\\’\\J
Turbulent flame Ignition ? e Composition
propagation deposition mode! d "0‘ ‘ look-up table <)
o US°
o¢e PuSuEIVD]
> Tabul~* A\
9 Yu,i
Ypi .
Look-up b > S0 correction (hydrodynamic instabilities)
(Tuo T, -3 table s sV (T Y
> 5w > s H S ES
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Results — 1 homogeneous — combustion — PF/ — FLHYy 40

Intake

> Good 3D-1D match

» Slight overestimation of P,

wh VO Ve

= Num. 3D
400 450 500 550 600
Crank Angle [°]
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Results — 4 homogeneous — combustion — PF/ — FLHy 41

Pressure [bar]

Intake

» Good 3D-1D match

» Slight overestimation of P,

3.251

3.001

V) Ve

275+

54
193
=}

I
)
&

g
=}
S

- EXp.
= Num. 1D
== Num. 3D

1.75 1

400 450 500 550 600
Crank Angle [°]

Pressure [bar]

100 === EXp.
ol = Num. 1D
= Num. 3D
80+
701
601
501
40 T T T T T
660 680 700 720 740 760

Crank Angle [°]

Combustion
» Overestimation of Pg,

» 3D consistent with Exp.
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Results — H, injection — PF/ — FLHYy 42

Cycle 0
Time: 142.70 [CAD]

3D multi-cycles
for steady-state
H2 [kg H2/kg mix]

Injection L oni

! 0.00

A 0.08

Ny ~0.07

ik . 0.06

. 0.05

. 0.04

@ . 0.03

' 0.02

6.0e-03
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Results — H, injection — PF/ — FLHYy 43

50% IVC —~Cycle 0 50% SA —~Cycle 0
S 1 —Cycle 2 S —Cycle 2
= 30% (o I 2 30%
@ | &
E 20% PN my, E 20%
g h g
10% share 10%
0% I 0%
A target A target
Al \ Al-]

v

» Cycle 2 almost at steady-state

» Compression helps homogeneity
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Results — H, injection — PF/ — FLHYy 44

50% IVC —~Cycle 0 50% SA —~Cycle 0
40% --Cycle1 40% --Cycle 1
< —~Cycle 2 5 -=Cycle 2
% 30% o 30%
a O
E 20% my., E 20%
AN
I
T 0% share 10%
0% 0%
TV, occupied by
AL richest mixture Al
50% ==Cycle 0 50% —-Cycle 0
40% 1 ~=Cycle 1 40% - ~Cycle 1
< I —=Cycle 2 3 —=Cycle 2
= 30% | = 30%
[ [
E ! \Y; g
3 20% I cyl 3 20%
> 10% Share > 10%
0% I 0%
A target A target
Al Al
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Conclusions 46

—

FLHy

i‘iF?’ PFI
Initialized | ¥ . Full-cycle
tumble homog. 4

» 3 H,-ICE configurations

» 2 H, injection strategies

> 2 simplified techniques
for IVC conditions

ry 1
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Conclusions 47

» 3 H,-ICE configurations — *\ \ij/
| |
SOpHy FLHy
» 2 H, homogeneous |
combustion N~
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Conclusions 48

Wide set of validated methods
to model S| H2-ICEs!
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