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Few word about ICE Group at Politecnico di Milano

Introduction

Methodology:

« Fluid-dynamics and heat transfer at the micro-scale

« Reaction simulations at the micro-scale

« Geometrical modeling: on the adoption of Kelvin cells
Open-cells foams as catalytic substrates:

« Kelvin cells vs honeycombs

« Design and optimization of open-cell foams catalyst

* Full-scale simulation of ATS equipped with open-cell foams
Towards future solutions:

« Additive layering manufacturing of structured substrates
Conclusions
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Politecnico di Milano

®* Politecnico di Milano is a public university.

®* About 40.000 students (25.000 students in the
Engineering Faculties, 4.000 students in the Design
Faculty, 11.000 students in the Architecture Faculty).

® 350 new PhD students per year.
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Politecnico di Milano

®* Politecnico has 1.140 academics (400 full
professors, 390 associate professors and 350
lecturers) and 870 administrative and technical
employes.

®* Graduated in engineering at Politecnico represent
about 12,7% of all the graduated in engineering of

Italy.
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Department of Energy

Currently involves 110 academics and 100 young researchers:
overall 210 people working in the energy field.

Research and teaching on the following topics:

Internal combustion engines
Powerplants and energy systems
Combustion
Turbo-machinery

Fuel cells
Thermodynamics
After-treatment systems
Acoustics

Nuclear energy
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The Internal Combustion Engine Group
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Research interests

Combustion process Emission control

Focus on the
Internal
Combustion
Engine

Alternative fuels
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Research interests

Oil&Gas:
Multiphase flow at the micro-scale

...and some other
research activities

Waste heat recovery:
Organic rankine cycle

T-s diagram

{curve shape typical for R245fa)

Stirling engine

gaseous
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temperature T
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specific entropy §
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Development and application of simulations tools

GASDYN: simulation code developed at PoliMI for the simulation of ICE
systems with 1D/quasi3D approaches
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°N OpenFOAM®: Open-source CFD finite volume code written
in object oriented C++

LibICE: A C++ library developed at PoliMlI for the ICE
simulation
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Cylinder modelling

Gas exchange Diesel combustion
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After-treatment system modelling
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[ 2.6e-04

— 0.0002

— 0.00015
l:o.oom

1

Simulation of urea
Injection process in
[5&“’ ' SCR systems

Film thickness (m)

3.0e+02 350 400 450 5.0e+02 .
— ' sl T film [K]
Time: 0.000000 s LC1 I 5.06-04 Time: 0.200000 s LC1
0.00045 N H
~0.0004 3
- 0.00035
~ 00003

0.00025 2
[ z
- 0.0002

- 0.00015

+ 0.0001

\: 5e-5
0.0e+00

d
6.6e-08 2e-5 3e-5 4e-5 5e5 6e5 7e-5 8ed 1.0e-04
\ I b | L | |

&JOUP

POLITECNICO DI MILANO




Introduction

IIIIIIIIIIIIIIIIII



Acknowledgements

The work | am presenting today is the result of many contributors:

* Politecnico di Milano (IT):
» ICE Group: prof. G. Montenegro, prof. A. Onorati
» LCCP Group: prof. E. Tronconi, prof. G. Groppi

* University of Exeter (UK):
» prof. G. Tabor, Dr. L. Wears

 EMPA Research Center (CH):
» Dr. P. Dimoupulos, Dr. F. Lucci, MSc V. Papetti

e SUPSI Technical University (CH):
» Prof. A. Ortona

e Universita di Bologna (IT):
» Prof. G. Bianchi, prof. S. Falfari, Dr. F. Brusiani, MSc G. Micci

IIIIIIIIIIIIIIIIII



Introduction

Background
Nowadays the control of pollutant Restrictive System
emission from Internal Combustion (BB complexity

Engine is an issue of extreme concern
in the automotive field

Hybridization Real Drive vs

! | Lab emissions

Interest towards novel catalytic substrates as a substitute of
traditional honeycombs

Requirements: Goals:

* High permeability * Low pressure drop: fuel consumption

* High mass transfer coefficients * Low catalyst loading: cost

« Low thermal capacity  Fast light-off: transient response in hybrid
powertrain

I‘HGROUP

POLITECNICO DI MILANO




Introduction
Background

Can open-cell foams be a practical solution for the next
generation of compact and efficient catalytic substrates?

vV g

EA AD

I‘HGROUP

POLITECNICO DI MILANO




Introduction

Overview of the scales involved

micro-scale

macro-scale

component
scale

\

Micro-scale Macro-scale

Component scale

€Ecrour

POLITECNICO DI MILANO




The substrates
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Micro-CT scanner

Micro-CT scanner

90 100 110 120
Porosity [—]
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X-ray image

e

3D geometry
reconstruction
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From the sample to the CFD model

Geometry reconstruction Mesh generation
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Geometry characterization

« Geometric parameters of the micro-structure computed on the CFD mesh
« Cell/pore size calculation: algorithm based on the opening size concept

Al foam S1-C foam  Cordierite

porosity [-] 0.96 0.87 0.50 =
spec. surf. [m?/m?] 664.6 4053.3 64833.6 | i
cell size [m] 21-107% 5.0-107* -

pore size [m] 1.2.-107% 31-107% 16-10—°

70

cellSize 60t
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g 50+t
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Methodology:
fluid-dynamics and heat-transfer at the micro-scale
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CFD simulations

Fluid phase: Unsteady detailed numerical simulations

Investigation of flow regimes occurring in open-cell foams

Fluid phase: RANS numerical simulations

Study of the effects of the geometry on the pressure drop

Solid phase: Conductive heat-transfer simulations

Characterization of the conductivity of the porous matrix

Fluid & solid phases: Conjugate heat-transfer simulations

L Characterization of the inter-phase heat transfer
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DNS: cold flow
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Numerical schemes accuracy:
« Time: second order
» Space: third order

Re |-] 200 500
7 [m] 1.8-107° 9.4.107°
Ty [8] 9.0-107% 1.8.107°
Az/nl-] 1.1 2.1

TKE spectrum

103 102 10-1 100
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DNS: heat transfer

Velocity Temperature

U Magnitude
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300 —  T(xp) - fluid |
— T -wall
—%00 0.001 0.002 0.003 0.004 0.005 0.006 20%00 0.001 0.002 0.003 0.004 0.005 0.006
time [s] time [s]

mesh: 16 min cells — runtime: 30 days on 16 processors
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Cold flow RANS simulations: ideal foams

30000
55000l | & laminar « Similar results obtained with:
O 0 k—wSST _ _ _

20000 | % ¥ UDeNS » Laminar simulation

> RANS simulation
> DNS simulation

* Investigation of the velocity field at
10 different Reynolds
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Cold flow RANS simulations: ideal foams

Contribution of viscous and inertial forces to the overall pressure drop:

100

* At high Re numbers the
contribution of inertial forces (form
drag) is predominant.

| Viscous Forces |

80 r

S o0
= (nertial Forces] * Viscous forces are predominant in
§ 0l the Darcy regime (Re < 10).
2 ok | + This explains why turbulence has a
negligible effect of the overall
. . . . ressure drop.
0 200 400 600 800 1000 p p

Re[-]
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Cold flow RANS simulations: real foams

. : dilation opening
Mathematical transformations of _ : o
the geometry of the real foam: .4 A O‘W
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Cold flow RANS simulations: real foams

Analysis of flow regimes on the basis of non-dimensional relationships:

R 2 pUd, Rd, 1 i )
I, = "¢ = Fy | Re = M, = —° — F —
1 ﬁ Ty ( = ,I’_Ai- ) 2 pA[,-'TQ 112 (Re pUdc
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Cold flow RANS simulations: real foams

Analysis of flow regimes on the basis of non-dimensional relationships in
case of pore-density variation (dilation):
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Cold flow RANS simulations: real foams

Analysis of flow regimes on the basis of non-dimensional relationships in
case of porosity variation (dilation):

R Ud. Rd, 1 7
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Cold flow RANS simulations: real foams

Dependency of permeability and Forchheimer coefficient on the

geometrical properties of the foam:

« Porosity

» Specific surface (i.e. pore-density)
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Conductive heat transfer simulation

Al foam SiC foam DPF filter

)\ _ Qcand
AT, — T,

S3foam S2foam DPFfilter
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Conjugate heat transfer simulation

Al foam
10x10x10 mm
6.0 min cells
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Micro-scale: conjugate heat-transfer

. _ _ 6007 Al foam |
Temperature profiles of fluid and solid
500!
phases:
<400
« Atlow Re: omogeneous temperatures = 200l — o
« At high Re: non-negligible temperature o—o Iy ©0-© T,Re—556
differences between phases 200 oo Iy e-o I,Re=5304
e—o Iy -0 T, Re=1669.6
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Methodology:
reacting flows simulation at the micro-scale
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Micro-scale: modelling catalytic reactions

A library for the modelling of surface reactions has been implemented on
the basis of the OpenFOAM code.

Mass transfer between
gas phase and washcoat
catalytic surface

gas

solid wall

Reaction heat is released and
transferred to fluid and solid
phase
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Micro-scale: modelling catalytic reactions

4 Finite Volume Solver )
Fluid phase: _
Mass Solid phase:
Momentum * Energy
Chemical species balance
Energy
\_ J
Specie source terms
Energy source terms
4 . )
Washcoat Solver (Finite Area)

Diffusion model Reaction model Heat transfer model
Mass transfer between Conversion of Heat transfer to gas
gas and washcoat reactants into products and solid phase
& reaction heat release

__
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Micro-scale: modelling catalytic reactions

Washcoat solvers:

Baruah-like solver:

» Specie conversion rate is given by the minimum between reaction
rate and diffusion rate

» Steady-state / transient simulations

» For diffusion limited problems, eg: CO catalytic reactions

Single-step solver:
« Accumulation of mass and energy on the washcoat
« Transient simulations

ODE solver:
* Detailed solution of both diffusion and reactions
 Transient simulations

I‘HGROUP
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Micro-scale: reacting flow simulation

Validation on plate-type reactor: prediction of 100] P
the light-off curve
80t
S
g ol
Geometry Z
>
§ 40.
3
20_ e—o CFD (Yoo =35 %)
o o measured (Yoo =3.5 %)
z -0 CFD (Yeo=8.7 %)
g o o measured (Yoo = 8.7 %)
0
350 400 450 500 550
T [K]
CFD model
100}|e—2 CFD(Q =500 Ncc/min) ‘ P
© o measured (Q =500 Ncc/min) :
& -0 CFD (Q = 1000 Ncc/min) ‘.
O O measured (Q = 1000 Ncc/min) :
_ 80t ?
= .
[=] ,'
.% 60| ;
o |
. . . > I
CO evolution for different inlet T 5wl '
473 K — cCO o
15 -
465 K 006 20!
461 K = E
.04
448 K Eo 0 ;
436 K EO.O2 350 400 450

500 550
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Micro-scale: reacting flow simulation

Al foam 95% porosity — 40 ppi / Micro-CT reconstruction

Surface reaction on washcoat
region

Baruah-like solver

Infinitely fast reaction model
Conjugate heat transfer

Fluid: inlet T=300K

Solid: fixed T=300K on the inlet
side, adiabatic elsewhere
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Micro-scale: reacting flow simulation

Al foam 95% porosity — 40 ppi / Micro-CT reconstruction

CH4
%
i H20
g 1289142
-0.08 70. 12
Eo.oo IEO'OS
' 0.04
0.0426 [
0
02 co2
is i.157464
: 0.12
IO-Q Eo.oa
: 0,04
o E
0.0710214 0
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Micro-scale: reacting flow simulation

Validation on foam-type reactor: prediction of
the light-off curve

Kelvin cell

773 K

CO
0460

0.0400

573 K -0.0300

E0.0200

E0.0]OO

0.00500
473 K

CO conversion [%]

CO conversion [%]

100
000 pooo
80
60
40
20 o—e CFD (Yoo =3 %)
o o measured (Yoo =3 %)
z—a CFD (Yco=5%)
00 o o measured (Yoo =5 %)
0200 500 600 700 800
T K]
100
80
60
40
20 o—o CFD (Yco=3 %)
o o measured (Yeo =3 %)
e—a CFD (Yco =5 %)
o o measured (Yoo =5 %)
0

400 500 600
T [K]
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Micro-scale: reacting flow simulation

Validation on foam-type reactor: prediction of the mass transfer coefficient

o Considering diffusion limited regime (i.e.
high temperature) it is possible to evaluate
05 the mass transfer coefficient:
5 In(1-17)
3 km = ———77"
SvV/Q
0.2}
o—o foam A (Yco =3 %) - CFD #—# foam D - CFD
o o foam A (Yco =3 %) - measured #* % foam D - measured
z—a foam A (Yco =1 %) - CFD ¢—0 foam E - CFD
o o foam A (Yeo =1%) - measured ¢ ¢ foam E - measured
015 10 20 30 40 CO
0 [1075- m¥/s] 046
0.04
0,03
!30.02
[0.01
0.002
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Micro-scale: reacting flow simulation

Effect of the temperature distribution on the light-off curve

Single-region simulation:
uniform temperature in the solid
(i.e. infinite conductivity) 60

== Single Region
=g Multi Region

613T
I 50t

- 6128

|612,6 40 |
612

=
o 30t
=
Multi-region simulation:
. ED L
temperature imposed at the
boundary of the solid
1071
0l ———— : : : -
150 200 250 300 350 400 450

Inlet Temperature ["C]
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Methodology:
on the adoption of Kelvin-cells to model open-cell foam
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Geometrical characterization: idealized structures

The micro-structure of real
open-cell foam geometries
needs sophisticated technology
to be reconstructed.

Artificial idealized structures
may be used as templates

=
Qla Cubic cells

~,

PORE

A

N " /U

How much do these structure reproduce well the properties of open-cell

foams?
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ldealized structures: analysis of the flow field

N\
Cubic ce.lxl
a
magl) 1e+5 le+s ® o5 1045
N/i MHHUM]%HHIIH‘IFH ’Y(i L I‘l‘IHHH‘
0.000511 19.83589 99970 85 1001461 )
. D
Kelvin cell l
gy le+5 188
w 4 8 12 16 20 £ H I\II\\l
L MHHW“HIHHIPLM C - “
0.0012036 20.412064 99957 2 100511 J
N\
]85
100067.9
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ldealized structures: analysis of the temperature field

. N\
Cubic cell
320 360 400 440 480 . [ '?HW' Wi fiT i
/i {EE R ] A T e B e e
E B 300 5000316
300.29184 500.03159 )
N

Kelvin cell

T 4
i 320 60 400 44 480
¥ 320 360 400 440 480 | REh LLLLLLT T L
2 WIJ'.,L&WHII]I|||\III <z M w M
300.70401 500.04071 300 500.0407
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ldealized structures: comparison of pressure drop

[r—
-

SNE

| S

A~

80000

70000¢
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20000¢

10000}

measured
real foam
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Modeling criterium: same porosity and same pore size
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1048, Jets  leib
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ldealized structures: correction of the KC model

Same porosity and same pore size: underestimation of specific surface

<.

Porosity,
Cell size
Test on 3 samples:
Sample L.[m] e[%] ds[m] Sy [m?/m?*  Sv/Sveale
Al foam 3.8 x 107% 06.0 0.34 x 1077 435.1 ~ 1.37
§i-C foam 1.0 x 1072 87.0 0.15 % 1072 2062 ~ 1.37
Campione ¥ 4.6 x 1072 091.1 057 x 1072 hbb.2 ~ 1.37

Correction procedure .
to target thereal SV:  @.dc — = KC —— Syxc ——> ¢,de” —— KCeopr

I€Ecrour
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Correction of the KC model: pressure drop

Preal = Pkc
OV real = SV,KC

measure
real foam
KC corr
KC

CUB corr
CcuB

real foam
KC corr
KC

CUB corr
CuB
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Comparison of pressure drop on different foams

Reconstruction of real sample by Kelvin cell
type idealized foam

180000

® ® \easured sample B
160000/ | @ @ measured sample C N
140000 * & Measured sample D

e=—= Calculated sample B

120000t | =—= Calculated sample C
Calculated sample D

5= 100000}
S 80000)
60000|
40000

20000t
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KC model: further enhancement

Introduction of an additional degree of
freedom

Material clustering
at cell vertexes

Randomization
(edge length)
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KC model enhancement: randomization

case materiall & PPl S, 2¢/S, 254/PPI d, o4  dv 04

[-] -] [1/m] [mm] [mm] [mm] [mm] [mm] [mm]
A SiC 0827 10 590 2.8 2.54 3.8  0.56 19 054
B SiC 0.877 80 4120 0.42 0.32 051 0.047 027 0.058
C Cu 0.897 20 820 22 1.3 22 0.29 1.3 023
D Al 0955 40 690 2.7 0.64 20 033 1.1 0.27
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Characterization of the pore size, Ap and K

1000 ¢

Diameter distributions for the four sample foams £ BRSO
_ C—-— CKC =&
and the corresponding KC structures D---- DKC x
100 -
0.16 | 0.16 | E 1
A B €
012 | 4 012 s £E
g 10 ]
0.08 4 008 [ . o ]
0.04 - 4 004 s =
0.00 L=l 0.00 \ ! ! ! ! ! 1k 3
0.0 1.0 20 3.0 40 50 6.0 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
C .I\‘ D '\3\< ll ‘\ L ) ) ) ) L
012 I 4 o2k 0k . 0.1 ‘ ‘
B A/s\ I ! ><><;< ! "‘\\‘x 1 10
0.08 + / %ﬁ /A\f\A 4 008 X v - U [m/s]
/AKIA‘X \‘ '/A‘ \%‘ Xl>’< >\( ! “\ X 10 T LA — T T T
004 - £ A \mased o0af T SR . A AKC o
/] VooV oy XX B B-KC
0.00 oA /| ! ! >y 0.00 ST T T N e Py o C—— CKC a
0.0 05 1.0 1.5 2.0 25 30 35 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 D---- DKC x
« Kelvin cells built by matching the porosity and the surface _
area of the foams resulted in having the pore diameter £ 1} 1
15% bigger X
e For high porosity foams, the KC structures are able to
match the foam mass and momentum performance
e Pressure drops are predicted with a maximum error of
01 b——— : —
15% 1

U [m/s]

I‘HGROUP

POLITECNICO DI MILANO




Open-cells foams as catalytic substrates:
Kelvin cells vs Honeycombs
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Kelvin Cell vs honeycomb

In order to assess the performances of open-cell foams for
catalytic applications, their properties should be compared with the
state-of-the-art solution: honeycomb.

Kelvin cell

Main parameters:

« Pressure drop

« Heat-/mass-transfer
« Specific surface

« Volume

Honeycomb

&JOUP
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Kelvin Cell vs honeycomb

10000

100 [ LELELLY | T T T 1rrrrr] T T 1T 1T rrrr] T T 1 1rrrrr] - T T T T T T T T ]
X hce=0.73 X 1 F hce=0.73 X
hc Cybulski 94 - - - - ] C hc Cybulski 94 - - - -
KC e=0.80 % | - KCe=0.80 *
KC Groppi 07 €e=0.80 - —--- . i KC Giani 05 £=0.80 - —---
KCe=090 ] 1000 | _ KC2=090 @& ¥ E
KC Groppi 07 e=0.90 ———- F KC Giani 05£=0.90 ———- e E
- ; A H
= e = * -
5-‘} K .*f*"// E {ﬁ/;’ﬂ =
— * e "a ) // %
wn 10f % - F 4 & 100 | - y i
_8 i [ )g'E[/‘d3 E E 3 ///EI o Y .-
%) i }E?Ej oo x XX 4 __/f” = x
*/ﬁ X X _*/'/E X’x
.'/xﬁ x X X X.X’X' -7 */'// %
__a%/m_x XKoA 10 | 5 o0 x- e
/*/’ E Pt [ ]
El/ o] - %’/j g »
1 1 a1l 1 a3l 1 1 gl 1 L1111 ‘I | 1 1 1 PO T T T
1 10 100 1000 10000 1 10 100
U

& The results of simulations compare
fairly well with the correlations
available in the literature

& There is still not agreement among
authors in literature
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Mass transfer: Kelvin Cell vs honeycomb

10 . — . ——
T hce=0.73 ] .
; ﬁgCE:g.gg $ i In(d—n) 1 & KC structures have a higher mass
L e=0. o] _—— i
Sw/Qin — transfer coefficient K
X ol ® w ]
a ;
T _ B & It needs less surface to obtain the
= - = E .
x ; g F g same conversion rate.
Eé X X X
X X x
x X x x X7 1
o [ T TKC&=0A0 X ]
5 o KCe=0.90 —&—-
0.1 T —— T « @
1 10 100 - o]
U [m/s] * o
— T * n —=
€& At high flow velocity, KC structures 5 RN * “ o, 1=
i (ng ~._ * O Og O g _':2
need a smaller fraction of the 2 -\ X 16
xg \\‘ * X ¥ % ¥ x ¥>
honeycomb surface and volume @ S
& It needs less surface to obtain the

same conversion rate. 0.1 T
10 100

— I€E
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Performance index: Kelvin Cell vs honeycomb

hc £=['JI.?3 '

L KC £=0.80 .
[ KCe=090 =

o [: E I;s:l:l 0 R RoEX X ;; X o |

?“-} E ¥ * * ¥ ¥ ¥ ¥ x X 5 ol . . ln(l . 17)

o - I—

3 01F « _ —

G i * : AP/(puz)

=4 ]

0.01 A e

1 10 100

U [m/s]
©& The open cell foam exhibit a better performance if:
© porosity is high
© velocity is low (Darcean velocity)
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Open-cells foams as catalytic substrates:
design and optimization of an after-treatment
system equipped with open-cell foams
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Open-cell foams vs honeycomb: design optimization

In order to assess the performances of open-cell foams for
catalytic applications, their properties should be compared with the
state-of-the-art solution: honeycomb.

Input for foam-type substrale

e |9 824 =96

d, (ppi) [mmm]  0.635(40) = 6.35 (4)
L [mm] A0 = 200

13 [ al) = 151

Input tor honeycomb-type substrate

e |9] 70 = )

de (Cpsi) fman] 0733 (1200) = 1,27 (400
L[] A0 = 200

D [mim] 5 = 150
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Open-cell foams vs honeycomb: design optimization

The optimization was performed using Genetic Algorithms

Design variables:

* Lenght of the catalyst
« Diameter of the catalyst
» Porosity

GSA [ 1 e Pore size

The objective of the optimization
IS the minimization of:

et 450  Pressure drop
00 Pressure drop [Pa] « Conversion inefficiency
« Catalytic surface
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Open-cell foams vs honeycomb: design optimization

S ) " Alzookgh e
SiC-200kgh
> L : nc-200kgM : . i
| | Open-cell foams vs homeycomb:
LY S e - Lower inefficiency for the same
. i pressure drop
- | S | - Lower surface for the same
as b 5 - f E - i Ty
s Inefficiency
D [N e, | |
100 200 300 400 S00 500 Fo0
Pressure drop [Pa)
& r T : T T 3 . . . :
e, ; ; f ALZDOkgh  »
: : . : SiC-200kh e
L S s e o5 he-200kg'h .
R e 2 Taet ;
“E ] J:. I I N_;
< 3 8 R 5
E ﬁ' : . 8 2
2r o ' | - 1
B . - i
1 — .le' SN PRSI SRR | SiC-EEODkg."h i " = ':'5 : L [] .
T ) - L i
RaE hdoah ¢ 0
o 0 0.8 1 1.8 2

0 500 1000 18500 2000 2500 3000

Inefficiency [
Pressure drop [Pa] cleney [%]
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Open-cell foams vs honeycomb: design optimization

12 " Pore size — Len;111'|1 —
_ F’m_*ngr.}r === Diameiar R

Guidelines for the optimization:
* Increase the porosity

* Increase the diameter

» Descrease the lenght

« Choose the pore size as a
compromise between pressure drop
and amount of catalytic surface

Mormalized Values [-]

1 2 3 Fd 5 i i
Generation -]
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Open-cells foams as catalytic substrates:
full-scale simulation of ATS equipped
with open-cell foam substrates
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Implementation

CFD macro-scale model for ATS simulations

Fluid
mesh

Solid
mesh

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

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

Gas reactions

hept *

Surface reactions

Bulk gas model

Substrate model

I‘ﬁJOUP
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Implementation

Submodel for ATS simulations

\ Macro-scale model:
=== * multi-region framework
= e coupling between zones on

.’ =< _ _ _ different fluid or solid meshes

Coupling between fluid and solid
Bulk gas model . . g
regions requires specific models:

Gas reactions e Geometry model

|
|

|

|

|

: * Permeability model

, * Heat transfer models

: (conduction, convection)
, * Mass transfer model
|

|

|

|

|

|

|

|

|

 Reaction models

hept #

Substrate model Information for the setup of the

models are obtained by micro-
scale simulations or experimental

correlations.
[€EGrour
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Implementation
Submodel for ATS simulations

dp
af-l—v (Pg g)—O

apg g

otV (PgUgUg) = g8 =V - (0p) + R;

Bulk gas model
d
'C;Qreg + V- (pgegUg) = pg8Ug — V- (0,Ug)

Gas reactions £V (A, 7T,) + pyQy + pyQF + 0%

I I
I I
I I
I I
I I dot
: : gg +V- (Pg g E) v (pggglmbz)+pgRgt+Jwg_’g
|
I I
I I I
waPwgYw ki wg—
: : %zﬁw‘qu-gfew‘g!i_gig 7 + ng:Tw
l ‘ .
I hept ! OBwbwnl patc = BuPwQR — QW—WI — Qw=g — gw=s
: Substrate model
: Surface reactions | aﬁg_:"" = BupeQs + V- (ALVT) + Q%5
|
I

ST o oo ooomooo oo _ I€E crour
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Implementation

Submodel for ATS simulations

Geometry model: Description of substrate definition for unstructured (e.g. foam type)
or structured (e.g. honeycomb, metallic)

Permeability model: Description of the fluid-dynamic resistance on the basis of
correlations or data derived from upscaling results of micro-scale simulations.

Heat transfer model: Description of heat transfer by convection (fluid-solid) and
conduction (washcoat-substrate and across the monolith in the 3 directions) on the
basis of correlations or data derived from upscaling results of micro-scale simulations.

Diffusion model: Description of the diffusion of chemical species between gas and
washcoat (reactants / products) on the basis of correlations or data derived from
upscaling results of micro-scale simulations.

Reaction model:
» Description of the reaction mechanism occurring in the washcoat and integration of
the reaction rate by means of ODE solvers.

I‘HGROUP
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Implementation

Submodel: flow resistance, heat and mass transfer

?OO
600

1400
300

Specific correlations can be exploited
to specify the transfer of heat/mass or
the flow resistance on the basis of:

« empirical correlations
 detailed CFD analysis of the
microstructure

wg—>
R =F(Redy) Q"% = F(Nu=G(Re, Pr)) J"7% = F(Sh=G(Re, Sc))
10° 102 100
6—o Alfoam F
&—o SiCfoam
10? e—o DPF filter 10'}
6—o Sinteredfibers
o o
- 10! = 10°t & 1w0f
= s 10 :
e—o Alfoam
10° 10-1} e—o SiCfoam
&—e DPF filter Groomi 07 b o2
©—0 Sinteredfibers - :radamdggs%tggg F;ralzgé
—1 . . . . ) ) ) ) ‘ , ‘ | Richardson 00 £=0.82 dp=0. —-—
W= 10 100 107 102 100 10t 0% i0T o0 qor 102 108 10f K 10
Re[—] Re[-]
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Implementation

Submodel: chemistry

aA+ BB = yC + 8D Kai = Agje Rlw

CS,A CS,B - ~ 2
ri Et}'f G; = Tw(l sat ka,zcs.B)
/ EI'.f CSP:C Cgp

k,;=A,; e R Eqr=1-
i i r C_;TA CfBKp(T)

Example:
reaction scheme for DOC

» Langmuir-Hinshelwood to account for the
competition of the chemical species on the
active sites

* Inhibition factor takes into account the
adsorption and desorption of reactants and
products on the active sites.

* Eq, Is for reactions that exhibit a reversible
behavior

RI: CO +50, > CO,

R2: Hy +5 0y > Hy0

R3: C3Hg +2 0; = 30, + 3 Hy0
R4: C3Hg +50, — 3 CO; + 4 H,0
RS: 3 C3Hg + H,0 - CO + 2 H,

R6: 3 C3Hg + Hy0 — €O+ H,

R7: CO + H,0 - CO, + H,

I‘HGROUP
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Example of application

ATS with electrical heated catalyst

After-treatment system for Diesel engine including DOC monolith, electrical
heating and integrated SCR-DPF

eHC + DOC
eHC DOC

SCR

Out: SCR
underfloor

I‘ﬁJOUP
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Example of application

ATS with electrical heated catalyst

A specific model has been implemented to take into account the non uniform
distribution of the heat generated in the metallic eHC

Phenomenological model:

e Each spiral has a high T side and a low T side

* Non-uniformity decreases from center to boundary
* No heating at the boundary (short circuit)

Spatial distribution
for the heat release

o
=

2.414e+00

L8102

2068

o

00339

g

€€ crour
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Example of application

ATS with electrical heated catalyst

Fully-3D CFD model of the DOC section of the ATS

Solid: DOC Solid: eHC

€k crour
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Example of application

ATS with electrical heated catalyst

Temperature

T

| Non-uniform heating
P,=1kW:0-100s
P, =0.5-0.2 kW : 100-300 s

375

I 2.000e+02

Fluid

Solid: DOC
Time: 10.0s
Solid: eHC Cco
Non-.unlformlty of the Fluid ‘
heating generates hot spots
- earlier light-off Solid: DOC m
Time: 10.0's |

Solid: eHC
I‘EEGROU P
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Example of application

ATS with electrical heated catalyst

550
500 -
: < 450
Baseline: o
 ceramic substrate g o}
- - [}
* without electrical &, |
heating = Monolith, mid position, calc
300}/ 7, Outlet, calc
Outlet, exp
250 ' ' L . s ‘
200 400 600 800 1000 1200
Time [s]
300
700 F
. TARGET
. X, 600
Alternatlve: E -------------------------
- metallic substrate & 50
. . [}
 with electrical E 40|
heating a

Monolith, mid position, calc (— metallic, 1000 W; - - - ceramic)
Outlet, calc (— metallic, 1000 W; - - - ceramic)

200 100 600 300 1000 1200

Time [s]
€€ crour
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Honeycomb vs open-cell foam

NEDC cycle of a 2.0 L engine (4 Cyl, naturally aspirated) simulated
Imposing the measured exhaust gas T and mass flow ad the engine

flange.

HONEYCOMB

930
"

=800
£600

EAOO
300

930

~800
£600

EAOO
300

OPEN CELL FOAM
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Honeycomb vs open-cell foam

HONEYCOMB OPEN CELL FOAM
Ulll\(/ljogni’rud Ulll\(/ljogni’rud
i
=30 =30

20

10

O M

P p
101000 101000
100750 -100750
E100500 Emosoo
100250 100250
100000 100000
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Honeycomb vs open-cell foam

« NEDC cycle (first 250 seconds) with two different technologies

1000 1400
Inlet measured ~ 1200
800 1000
2 a
> = 800
E VAT g
Honeycomb 3 2 o
£ 500] &
2 400
400
200 '
300 s
\J -
= ]
0 50 100 150 200 250 0 50 100 150 200 250
Time [S] Time [S]
0.6 25 095
0.25
05 o 2.0 P
e - - B
— - = P 0.20 - |
20.4 o = s .
B - BL5f =) [
o ~ o
Bosl £ | D015
e / 9 g
s} | ol 2
. =
£ 8 3 0.10
o
=
0.05
0 50 100 150 00 50 0 50 00 150 200 750
Time [s] Time [s] 0 50 100 150 200 250

Time [s]
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Towards future solutions:
additive layering manufacturing of structured substrates

I‘ﬁJOUP

POLITECNICO DI MILANO




Additive Layer Manufacturing polyhedral structures

ALM technology offers the possibility to design and
manufacture optimized polyhedral structures.

Kelvin cell Cubic cell Octet cell

POLITECNICO DI MILANO



Additive Layer Manufacturing polyhedral structures

Example: cubic cell, rotated 45° with respect to the flow direction.

TM3030PIus0068 2016/04/13 11:17 HL

(b)

TM3030PIlus0080 2016/05/23 15:52 HL
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Additive Layer Manufacturing polyhedral structures

Comparison between different structures: geometrical parameters

Honeycomb

Artificial
polyhedral
structures

g[-] CPSI[-] De[mm] de[mm] r.[mm] LJ/Dc[-] Sy [m?/m?|
0.73 400 1.25 1.125 0.375 30 2480

Cell geometry e |-] ds [mm)] Ls [mm] Le [mm] Sy [m?Z/m?3
Kelvin 0.95 0.5 2.04 5.77 400
Cubic/Cubic45 0.95 0.5 3.43 3.43 400

Octet 0.95 0.5 5.77 8.17 400

I‘ﬁJOUP
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K [m/s]

Additive Layer Manufacturing polyhedral structures

Comparison between different structures: computed performances

Mass transfer Pressure drop Performance index

25000 0.4

(b) 1
/ C
20000 . T’\
/

03 Tl s

e Cubic

= C UbIC45

1 Octet

15000 Vi — .
. — S— ——

----- Kelvin

— HC

AP/L [Palm]
\
I
o

10000

0.1
5000

*

0 5 10 15
vin [m/s] Vin [m/s] vin [m/s]

* Cubic 45 shows the best performances with respect to the other artificial
structures.
* In the comparison with HC, it should be taken into account that high

porosity structures are considered.
I€Ecrour
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Additive Layer Manufacturing polyhedral structures

Cubic 45: analysis with different porosity and strut diameter

Cell geometry e |-] ds [mm)] Ly =L, [mm)] S, [m?/m?| Range Of po rosrty and Strut

Cubic45 0.8 05 1.72 1600 ; ; ;

Ct:b;E%lS 0.8 1 3.43 800 dlam_eters Compatlble Wlth

Cubic45 085 05 1.98 1200 practical applications with

Cubic45 0.85 1 3.96 600

Cubic45 0.9 0.5 243 800 washcoat.

Cubic45 0.9 1 4.85 400

Cubic45 0.95 0.5 3.43 400

Cubic45 0.95 1 6.86 200 j
Cubic45/HC K (~1/Sw) Sy Vv I
£=0.95d;=1mm 2.8 1/12 4.3 1.4
£=0.85,ds=1mm 3.5 1/4 1.2 1.0
£=0.95,d,=05mm 4.1 1/6 1.5 1.6
£=0.85,d;=0.5 mm 5.1 1/2 0.4 1.2

Comparison with HC, for the same conversion and flow rate:

« CC45 exhibits higher K with respect to HC
« CC45 has lower SV, requiring higher volume

« CC45 has higher performance index | I‘H
IREGROUP
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Additive Layer Manufacturing polyhedral structures

Cubic 45: experimental results

0.18
0.16
0.14
0.12

0.1

K [m/s]

0.08
0.06
0.04
0.02

0

110

90

70

50

Conversion [%]

30

10

-10

0

0

(b)

T T T T T
0.001 0002 0003 0004 0005 0.006 0.007
Ptg]

300 400

Temperature [°C]

W Cubic45 3mm

¢ Cubic45 4mm

HC

500

600

0.008

100

95 <
¢
90 ‘

. # Cubic45 3mm
85 i i

Conversion [%]

M Cubic45 4mm
80 |

AHC
75 = .
[}

70

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008
Pt [g]

CC has higher K
CC requires lower catalyst loading

Pore diffusion has a great impact on
the conversion
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Conclusions
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Summary: Open-cell foam VS Honeycombs

4 )
A) Conversion Efficiency AND Pressure Drop - <4
The advantage is not huge, however better performances can * HighD
be obtained with a proper design of the foam substrate. * Llowl
* High porosity
HONEYCOMB FOAM
\_ J
r AY4 ™
B) Catalytic Surface | 4= = C) Light-off time ==
Foam substrates requires low Foam substrates if optimized
catalytic surface to achieve the acccording to A) exhibits a lower
same conversion efficiency: low light-off time
amount of catalyst loading
. J\

J
I‘HGROUP
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Thank you very much for your attention!
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