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Introduction
4-way catalysis

The term “3-way” catalysis first introduced for closed-loop 
control stoichiometric engines (CO, HC, NOx)
Until recently, “2-way” catalysis was adequate for lean burn 
engines (CO, HC)
Nowadays and in the near future

Most diesel engines will be equipped with “4-way” systems
Lean burn gasoline engines currently employing “3-way” 
catalysis. PM aftertreatment may also arise. 

“4-way” catalysis may involve
Multiple reactors (e.g. DOC+DPF+SCR/LNT)
Single reactor (e.g. DPNR)



Reactor concepts – application areas

Wall-flow honeycomb

“Deep-bed” (e.g. fiber, foam)

Flow-through honeycomb, 
incl. “turbulent substrates”
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~30% efficiency with
“turbulent” substrates

~90% efficiency with
metal foams

At development stage



Content of presentation

Integrated exhaust line simulation

Governing Equations

Parameter Calibration

Experimental Validation

For each possible system (chemistry/reactor concept combination)

Development and application of modeling tools for
System design optimization

Engine/exhaust system calibration
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Model equationsModel equations



Basic 1-D model equations 
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2-D axi-symmetric modeling
Basic concept

Filter  

Insulating mat 

Metal Can 
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Simulation of discrete 
“representative” channels

Derivation of heat source terms
(convection, exothermy)
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Basic oxidation reactions on Precious Metals 
NO-NO2 chemical equilibrium
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Negative value of a parameter Eqi suggests that the reaction is not 
thermodynamic possible and the reaction rate in the model is zeroed.

NO/NONO/NO22 thermodynamics are taken into account by the terms thermodynamics are taken into account by the terms EqEqii
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Adsorption – desorption modeling

Competitive HC, H2O, NH3 adsorption on zeolite
H2O <--> (H2O)ads       
CxHy <--> (CxHy)ads      (toluene)
CxHy <--> (CxHy)ads      (decane)
NH3 <--> (NH3)ads



Adsorption model
Dubinin-Radushkevich isotherm

The equation of the DR isotherm gives the adsorbed mass 
as function of temperature and partial pressure.

A linear «driving force» is assummed to calculate the 
rates towards equilibrium.

Adjustable parameters:
W0 (micropore volume)
A (micropore size distribution)
β (affinity parameter)
k (Arrhenius-type parameter)
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CO prediction in transient driving cycle
instantaneous emissions
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HC prediction in transient driving cycle
instantaneous emissions
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2-d simulation example
Catalyst warm-up behavior

t=5 s 
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2-d simulation example
Catalyst warm-up behavior

t=5 s 
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t=10 s 
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2-d simulation example
Catalyst warm-up behavior

t=15 s 
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NOx Storage reactions
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LNT Regeneration reactions

 O5.2 232 HNHHNO +→+

Regeneration with CO

Reduction of released NO – NH3 production/oxidation

Regeneration with H2
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Sulfation/desulfation model
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O2 storage submodel – Ceria based mechanism

OO22 “storage”“storage” OO22 “release”“release”

Ce2O3 + ½ O2 → 2CeO2

Ce2O3 + NO → 2CeO2 + ½ N2

CO + 2CeO2→ Ce2O3 + CO2

Ce oxidation state 
322

2

Ce CeO moles  2
 CeO moles  2

Omoles+×
×

=ψ

H2 + 2CeO2→ Ce2O3 + H2OO

( )redox
cap

RR
dt

d
−

Ψ
−=

1ψ

Oxygen storage/release phenomena strongly affect 
reductants availability and NO release during regeneration 



LNT model parameter calibration
Tube reactor placed in an electrically heated tube furnace

Diesel exhaust
or synthetic gas



“Spontaneous” (thermal) NOx release during temperature increase 
in lean operation

Inlet: NO:67 ppm, NO2:73 ppm, NOx:140 ppm, GHSV:88000 [h-1] 
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Storage experiment at 400°C
with diesel exhaust

Inlet: NO:90 ppm, NO2:75 ppm, NOx:165 ppm

0

20

40

60

80

100

120

140

60 160 260 360 460 560 660 760 860 960 1060
Time [s]

C
on

ce
nt

ra
tio

n 
[p

pm
]

NO measured NOx measured NOx computed NO computed

NOx

NO



Stored NOx at different temperatures

0

20

40

60

80

100

120

150 200 250 300 350 400 450
Temperature [oC]

N
O

x 
St

or
ed

 
[m

ol
es

 N
O

x 
/ m

3  m
on

ol
ith

]

900 s 

300 s

100 s

Storage 
duration

Solid lines: computed
Dashed lines: measured



Model validation at different flow rate at 300°C
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NO emissions during regeneration at 200°C

 Storage duration: 100 s
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NO emissions during regeneration at 200°C

Storage duration: 900 s
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Sulfation model validation at two different space velocities

Marks: measurement, Lines: computed
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Main SCR reactions

Reaction scheme:
SCR reactions

Alternatively, “direct NH3 + NO2” reaction is split in 2 reactions:

NH3 oxidation reaction

4 NH3 + 4 NO + O2 → 4 N2 + 6 H2O

2 NH3 + NO + NO2 → 2 N2 + 3 H2O

4 NH3 + 3 NO2 → 3.5 N2 + 6 H2O

NH3 + 5/4 O2 → NO + 3/2 H2O

2 NH3 + 2 NO2 → N2O + N2 + 3 H2O

2NH3 + 3N2O → 4 N2 + 3 H2O



SCR
Parameter calibration example

Experimental Data Source: Winkler et al., Modeling of SCR DeNOx Catalyst – Looking at the Impact 
of Substrate Attributes, SAE Paper 2003-01-0845
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Experimental validation
SCR simulation in transient cycle

Water adsorption neglected!
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Experiments conducted at an engine test bench of IAV GmbH 
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Experimental validation
SCR simulation in transient cycle
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Wall-flow Reactor Modeling
Modeling levels

Filter scale 
• 3D heat transfer 

• Inlet flow distribution 

• Diffuser effects 

• Soot non-uniformities 

Equations 
• Solid energy balance 

• Mass balance 

• Diffuser pressure drop 

Channel scale 
• Heat convection 

• Wall velocity profile 

• Mass convection 

Equations 
• Gas energy balance 

• Mass balance 

• Momentum balance 

• Species balance 

Wall scale 
• Intra-layer reaction 

• Intra-layer diffusion 

• Intra-layer velocity and 
density variation 

Equations 
• Species balance 

• Soot mass balance 

• Soot layer pressure drop

P1, T1, v1, C1 

P2, T2, v2, C2 
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Channel scale (1-d modeling)
Equations
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Transport-reaction “coupling”
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2-d & 3-d extension
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WallWall--flow DOCflow DOC



Model Reactions

Carbon oxidation
( )COCOOC  12 

2
12 12121 ααα −+⎟
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⎛ −→+

( ) ( ) 222222 1 2  COCONONOC −+−+→+ αααα

22 
2
1 NOONO ↔+

22 
2
1 COOCO →+

OHγCOβOαHC yx 222 +⎯→⎯+

Bi-directional 
NO oxidation

CO oxidation

HC oxidation

Soot layer

Catalyzed wall: 
basic reactions for Noble Metals coatings 



CO profiles in DOC and CDPF during warm-up

CO profiles t = 15 s
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Wall-flow reactor performance in driving cycle
Effect of catalyst zoning
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WallWall--flow LNTflow LNT
(DPNR)(DPNR)



DPNR simulation example
Lean-rich cycle at 350°C
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Experiments conducted at an engine test bench of IAV GmbH 



Intra-layer NO2 profiles 
t=60 s
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Intra-layer NO2 profiles 
t=75 s

0

0.00002

0.00004

0.00006

0.00008

0.0001

0.00012

0.00014

0.00016

-0.3 -0.15 0 0.15 0.3 0.45
Wall depth [mm]

N
O

2 c
on

ce
nt

ra
tio

n 
[-]

POINT 1   z=10 mm
POINT 2   z=140 mm

WallSoot
layer

Outlet channelInlet channel

Gas flow

ΝΟ2
diffusion

0

50

100

150

200

250

300

50 60 70 80 90 100 110 120
Time [sec]

C
on

ce
nt

ra
tio

n 
 [p

pm
]

Lean Rich



Intra-layer NO2 profiles 
t=90 s
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Intra-layer NO2 profiles 
t=105 s
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Intra-layer NO2 profiles 
t=114 s
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DPNR simulation example
Saturation profiles at the end of storage phase 

Near filter entrance Near filter exit
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Catalytic DPF regenerationCatalytic DPF regeneration



Regeneration simulation example
Filter temperature calculation



Regeneration simulation example 
Soot distribution calculation
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DeDe--NONOxx Modeling on Foam Modeling on Foam 
SubstratesSubstrates



Foam morphology characterization
(example with INCOFOAM®HighTemp)
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microstructure



Definitions

Gas phase concentration: cGas phase concentration: cgg

Surface concentration: Surface concentration: ccss

The catalytic reaction rates The catalytic reaction rates 
are functions of are functions of ccss
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1
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G
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R OCO
RT

E
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=
−

Inhibition term depending on 
surface species concentrations



1-d modeling: Transport/Reaction
Axial flow concept
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Heat/mass transfer coefficients
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Foam model calibration
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Temperature response modeling study
Foam 1200 microns vs Cordierite 400 cpsi
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CO, HC conversion efficiency vs time
Length: 4 cm
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2-d modeling
“Radial flow”, “Cross flow” designs

Flow from outsideFlow from outside 

 

Flow from insideFlow from inside

Foam

Metal plate

Perforated tube



2-d modeling for “radial-flow” or “cross-flow” designs

Solution of 
Mass balance
Momentum balance
Energy balance
Species balance

The filtration equations are also 
applied in each node
The equations are solved in the 
gas channels and the foam phase



Transient 2-d simulation of foam catalyst warm-up 
Time = 5 s
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Integrated exhaust line Integrated exhaust line 
simulationsimulation



System simulation
in MATLAB/SIMULINK environment



Reactors in series
Effect of NH3 pre-adsorption

DOCDOC SCRSCR DPFDPF



Reactors in series
Effect of DOC geometry

DOCDOC SCRSCR DPFDPF



Reactors in series
Effect of DPF size, material

DOCDOC SCRSCRDPFDPF



Effect of pipe insulation

DOCDOC SCRSCRDPFDPF



Comparison of various positioning strategies, 
including “wall-flow” SCR

DOC SCR DPF

DOC SCRDPF

DOC SCR/DPF



Controlled regeneration

DOCDOC SCRSCR DPFDPFDOCDOC SCRSCRDPFDPF

DOCDOC SCR/DPFSCR/DPF



Uncontrolled regeneration

DOCDOC SCRSCR DPFDPFDOCDOC SCRSCRDPFDPF

DOCDOC SCR/DPFSCR/DPF



Effect of passive regeneration
Soot accumulation rate in successive European Driving Cycles



Summary
Flow-through reactors

DOC modeling
HC adsorption
Radial effects

LNT modeling
T dependence of effective NOx storage capacity
Effect of OSC during regeneration
Sulfation/desulfation

SCR modeling
NO/NO2 ratio
NH3 adsorption/desorption



Summary
4-way reactors

CDPF modeling
Transport-reaction modeling
Catalyst zoning (axially/intra-wall)
3-d regeneration modeling

Wall-flow de-NOx modeling (NSC, SCR)
Axial, intra-wall variations

Foam de-NOx modeling
Filtration/Flow/Heat transfer interactions

System simulation
Emission cycle predictions
Passive/active regeneration predictions


