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Preface

The work presented in this PhD dissertation has resulted in four publications and

one patent disclosure. The first journal paper has been published in the Emissions

Control Science and Technology Journal, the second paper has been published in

the SAE Fuels and Lubricants Journal, the third paper based on ultra low NOx

aftertreatment system has been submitted to the SAE Fuels and Lubricants Journal

and a fourth paper on the SCR-F state estimator development is in draft phase and

will be submitted to the International Journal of Engine Research. A technology

disclosure on Ultra Low NOx was submitted to Michigan Technological University to

evaluate the possibility of applying a patent based on this technology.

The first paper titled “Development of a 2D SCR-F Model” has been used for de-

velopment of Chapters 1 to 5 in the dissertation. The authors of this publication

are Venkata Rajesh Chundru, Dr.Boopathi S. Mahadevan, Dr.Gordon G. Parker,

Dr.John H. Johnson and Dr.Mahdi Shahbakthi from Michigan Technological Univer-

sity. Venkata Rajesh Chundru was responsible for development of the 2D SCR-F

model. Dr.Boopathi S. Mahadaven and Dr.Gordon G. Parker developed the frame-

work for the model development. Dr.John H. Johnson provided the technical guidance

regarding the experimental data and modeling aspects.

The second paper titled “The E↵ect of NO2/NOx Ratio on the Performance of a

SCR Downstream of a SCR Catalyst on a DPF” deals with development of a system

model consisting of 2D SCR-F and 1D SCR models developed at Michigan Techno-

logical University. The aim of the paper is to develop a model that can simulate the

experimental data collected on a SCRF® + SCR system at Michigan Technological

University and determine the NOx conversion e�ciency of the individual components

present in the system. This paper was used for Chapter 5 of the dissertation. The

authors of this publication are Venkata Rajesh Chundru, Dr.Gordon G. Parker and

Dr. John H. Johnson of Michigan Technological University. Venkata Rajesh Chundru

was responsible for the model development and calibration. Dr.John H. Johnson and

Dr.Gordon G. Parker provided the technical guidance for the experimental data and

modeling aspects.

The third paper titled “A Modeling Study of an Advanced Ultra-Low NOx Aftertreat-

ment System” based on the ultra low NOx aftertreatment system disclosure with
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Venkata Rajesh Chundru, Dr.Gordon G. Parker and Dr.John H. Johnson as the au-

thors has been submitted to the SAE Fuels and Lubricants Journal.

The fourth paper titled “Development of a Extended Kalman Filter Based State

Estimator for a SCR Catalyst on a DPF” deals with development of a simplified

SCR-F model and EKF based state estimator to estimate the unknown internal states

of 2D temperature, PM mass retained and NH3 coverage fraction of the two storage

sites in a SCR Catalyst on a DPF. The authors of this paper are Venkata Rajesh

Chundru, Dr.Gordon G. Parker and Dr.John H. Johnson. Venkata Rajesh Chundru

was responsible for development of the SCR-F state estimator code. Dr.Gordon G.

Parker and Dr.John H. Johnson provided the technical guidance for development of

the state estimator. This paper is in draft phase and will be submitted to International

Journal of Engine Research. Parts of this paper were used to develop Chapter 6 of

the dissertation.

The Ultra Low NOx technology disclosure was submitted to Michigan Technological

University to evaluate the possibility of applying a patent based on this technology.

The authors of this work are Venkata Rajesh Chundru, Dr.Gordon G.Parker and

Dr.John H. Johnson. The work for this invention was conceived to overcome the

limitations of a SCR-F+SCR system. Venkata Rajesh Chundru was responsible for

all the simulation results presented in this work. Dr.Gordon G. Parker and Dr.John

H. Johnson provided the technical guidance for the project. Parts of the disclosure

were used to develop Chapter 7 of the dissertation.
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Nomenclature

List of symbols

1D 1Dimensional

2D 2Dimensional

3D 3Dimensional

0D 0Dimensional

a Width of the clean inlet and outlet channel [m]

a⇤ E↵ective width of the clean inlet channel loaded with PM [m]

A Heat transfer area normal to the gas flow [m2]

Aamb Surface area of outer surface [m2]

A Average cross-sectional area [m2]

Af Cross-sectional area perpendicular to

direction of heat transfer [m2]

Ar Area normal to direction of heat transfer

in the radial direction [m2]

ACO Pre-exponential for CO oxidation reaction [m K�1 s�1]

AHC Pre-exponential for HC oxidation reaction [m K�1 s�1]

ANO Pre-exponential for NO oxidation reaction [m K�1 s�1]

ANO2 Pre-exponential for NO2 assisted PM oxidation [m K�1 s�1]

ANO2,cake Pre-exponential for NO2-assisted PM oxidation used in filtration

and pressure drop models [m K�1 s�1]

ANO2,wall Pre-exponential for NO2-assisted PM oxidation used in filtration

and pressure drop models [m K�1 s�1]

AO2 Pre-exponential for thermal (O2) PM oxidation [m K�1 s�1]

AO2,cake Pre-exponential for thermal (O2) PM oxidation used in

the temperature model [m K�1 s�1]

Asi,j Combined surface area of both Inlet and outlet channels [m2]

Asi,i,j Surface area of Inlet channels [m2]

Aso,i,j Surface area of outlet channels [m2]

ANR Ammonia to NOx ratio

ANR1 Ammonia to NOx ratio at urea injector 1

for ultra low NOx system [-]

ANR2 Ammonia to NOx ratio at urea injector 2 for

ultra low NOx system [-]

AMOX Ammonia oxidation catalyst
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ASC Ammonia slip catalyst

AR Active Regeneration experiment

b Wall unit cell diameter [-]

BSPM Brake specific PM

BSNOx Brake specific NOx

C Constant notation used for temperature factor [-]

cf Specific heat of filter material [J kg�1 K�1]

cNO2 CPF inlet NO2 concentration [mg m�3]

cO2 CPF inlet O2 concentration [mg m�3]

cHC HC concentration [mg m�3]

ci Concentration of chemical species i [mg m�3]

cp Constant pressure specific heat [J kg�1 K�1]

cv Constant volume specific heat [J kg�1 K�1]

CPM CPF and SCR-F inlet PM concentration [mg m�3]

cs Specific heat of PM cake [J kg�1 K�1]

C3 Reference pressure for wall permeability correction factor [kPa]

C4 Wall permeability correction factor [-]

C5 Cake permeability correction factor [-]

C6 Reference pressure for lambda correction [kPa]

C7 Reference temperature for lambda correction [oC]

C8NO2 Slope of the delta mass o↵set equation for

NO2 assisted PM oxidation [s-g]

C8th Slope of the delta mass o↵set equation for

thermal (O2) PM oxidation [s-g]

C9NO2 Constant of the delta mass o↵set equation for

NO2-assisted PM oxidation [-]

C9th Constant of the delta mass o↵set equation for

thermal (O2) PM oxidation [-]

C10 Slope of the post loading permeability equation [g�1]

C11 Constant for post loading permeability equation [-]

CPF Catalyzed Particulate Filter

CO Carbon Monoxide

CO2 Carbon Dioxide

CDPF Catalyzed DPF

Cu-Ze Copper Zeolite

CuO Copper oxide

CSF Catalyzed soot filter

d Side length of square channels [m]
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D Overall diameter of the CPF [m]

d Damage variable [-]

DOC Diesel Oxidation Catalyst

DPF Diesel Particulate Filter

dC,si,j Instantaneous wall collector diameter at each zone [m]

dC0,s Initial wall collector diameter [m]

DI E↵ective di↵usivity of species [-]

Dkn,l Knudsen di↵usivity of species [-]

Dmol,l Molecular di↵usivity of species [-]

DDOC Downstream of DOC

DSCRF Downstream of SCR-F

DSCR Downstream of SCR

dpore,wall Diameter of pore in the substrate wall [m]

ECO Activation energy for CO oxidation [J gmol�1]

EHC Activation energy for HC oxidation [J gmol�1]

ENO Activation energy for NO oxidation [J gmol�1]

ENO2 Activation energy for NO2 assisted

PM oxidation [J gmol�1]

EO2 Activation energy for O2 assisted

PM oxidation [J gmol�1]

EKF Extended Kalman Filter

ECU Electronic control unit

F Friction factor in the inlet and outlet channel

of the particulate filter [-]

F3-1 Radiation view factor between inlet of the

channel to filter wall [-]

F3-2 Radiation view factor between outlet of the

channel to filter wall [-]

FE-Ze Iron zeolite

FTP75 Federal Test Procedure 75

hamb Ambient convective heat transfer

coe�cient [W m�2 K�1]

hg Convective heat transfer

coe�cient [W m�2 K�1]

HC Hydrocarbons

�Hreac Heat of reaction for carbon

oxidation via O2 [J kg�1]

J1 Radiosity of channel inlet surface [W m�2]
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J2 Radiosity of filter wall surface [W m�2]

J3 Radiosity of channel outlet surface [W m�2]

kd Permeability of the damaged porous media [m2]

kg Thermal conductivity of channel gas [W m�1 K�1]

kNO2 Rate constant for NO2 assisted

PM oxidation [m s�1]

kNO2i,j
Rate constant for NO2 assisted

PM oxidation at each zone [m s�1]

kO2 Rate constant for O2 assisted

PM oxidation [m s�1]

kO2i,j
Rate constant for O2 assisted

PM oxidation at each zone [m s�1]

kPi,j Permeability of PM cake layer accounting for the change

in gas mean free path length [m2]

ksi,j Permeability of substrate wall due to change in wall

collector diameter at each zone [m2]

kwalli,j Wall permeability at each zone [m2]

k0 Permeability of the undamaged porous media [m2]

Ksub Thermal conductivity of substrate wall [W/m.K]

KPM Thermal conductivity of PM cake [W/m.K]

Kk Kalman gain at time step k

L Axial length [m]

Lt Total length of CPF or SCR-F [m]

ṁ Instantaneous exhaust mass flow rate [kg s�1]

M Number of radial zones [-]

mcake,initial Initial mass of the undamaged PM cake [g]

mcake,corr Mass of the PM cake after applying

delta mass o↵set value at current time step [g]

mcimj Mass of cake PM in each zone [kg]

min Inlet PM mass in each zone [kg]

ṁi,j Mass flow rate at each zone [kg s�1]

msi,j Mass of PM retained in each zone [kg]

mst Mass of total PM inlet to the CPF or SCR-F [kg]

ṁtotal Total mass flow rate into

CPF or SCR-F [kg s�1]

ṁi,j Mass flow rate into a given zone [kg s�1]

[mwi,j]n Mass of PM in each zone for slab n [kg]

(MW )exh Molecular weight of exhaust gas[kg/kmol]
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ṁin PM mass flow rate into a zone [kg/s]

ṁout PM mass flow rate out of a zone [kg/s]

ṁret Rate of PM retained in a zone [kg/s]

ṁox Rate of PM oxidation in a zone [kg/s]

M Number of radial zones

n Wall slab index [-]

N Number of axial zones [-]

NEDC New European drive cycle

NO Nitrogen Monoxide

NO2 Nitrogen Dioxide

NOx Oxides of Nitrogen

N2O Nitrous Oxide

NH3 Ammonia

N2 Nitrogen

NH4NO3 Ammonium Nitrate

nmax Maximum number of wall slabs [-]

Nci Number of cells in each radial zone [-]

Nct Total number of cells [-]

Npi,j Number of pores at each zone [-]

nsp Number of chemical species [-]

Nu Nusselt number [-]

N Number of axial zones

OBD On board diagnostics

ODE15s Variable time step ODE solver

Pin CPF or SCR-F inlet gas pressure [kPa]

P1|i,j Absolute pressure at the inlet channel of each zone [kPa]

P2|i,j Absolute pressure at the outlet channel of each zone [kPa]

p Number of slabs in the substrate wall [-]

PM Particulate Matter

PO Passive oxidation experiment

POU Passive oxdiation experiment with urea injection

Pm Absolute pressure of exhaust gas [kPa]

Q̇cond,axial Axial conduction [W]

Q̇conv Convection between channels

gases and filter wall [W]

Q̇cond,radial Radial conduction [W]

Q̇rad Radiation between channel surfaces [W]

Q̇reac,HC Energy released during oxidation of
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HC in the inlet gas [W]

Q̇reac,SCR Energy released during SCR reactions [W]

Q̇reac,PM Energy released during oxidation of PM [W]

�r E↵ective zone radius [m]

RRCO Reaction rate of carbon monoxide [s�1]

RRHC Reaction rate of hydrocarbons [s�1]

RRov Overall reaction rate [s�1]

RRH Universal gas constant [J mol�1 K�1]

R Radius of SCR-F [m]

R̄ Universal gas constant [kJ/kmol K]

Rj Reaction rate of reaction j [kmol/ms s]

Rk Covariance matrix of state estimator

ṠCO2
Thermal (O2) assisted

PM cake oxidation rate [kg C(s) m�3 s�1]

ṠCNO2
NO2assisted

PM cake oxidation rate [kg C(s) m�3 s�1]

SCR Selective Catalytic Reduction

SCR� A Production SCR

SCR� B Production SCR with AMOX coating at the end

SCR� F SCR catalyst on a DPF

SCRF Johnson Matthey SCR-F

Smax Number of ways of calculating the inlet

pressure at each radial section [-]

S1� S20 Thermocouple name [-]

Sp Specific surface area of PM (5.5*107) [m�1]

t Time [s]

Tamb Ambient temperature [K]

Tm Temperature of the exhaust gas [K]

Tf Temperature of combined filter and PM cake [K]

Tfi,j Temperature of combined filter and PM cake at each zone [K]

Tin CPF or SCR-F inlet temperature [K]

T1 Exhaust gas temperature in the intlet channel [K]

T2 Exhaust gas temperature in the outlet channel [K]

TW Temperature of the substrate wall [K]

[Ti,j]k Temperature of substrate wall in zone i,j at time step k [K]

Tinleti,j Temperature of the gas at the inlet channel at each zone [K]

tins+can Thickness of insulation and can [-]

tsi,j PM cake thickness at each zone [m]

xxvii
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uinleti,j Inlet channel velocity at each zone [m s�1]

uoutleti,j Outlet channel velocity at each zone [m s�1]

uk Input at time step k

UDOC Upstream of DOC

USCRF Upstream of SCR-F

USCR Upstream of SCR

vsi,j Velocity of gas through PM cake

layer at each zone [m s�1]

vwi,j Velocity of gas through substrate

wall at each zone [m s�1]

Vi,j Total volume of a zone [m3]

Vesi,j Empty volume in each zone while accounting

for average PM cake layer thickness [m3]

Veoi,j Empty volume of the substrate wall [m3]

Vfi,j Volume of filter in each zone [m3]

V Fi Volume fraction at each axial section of the CPF or SCR-F [-]

Vinlet Volume of inlet channels [m3]

Voutlet Volume of outlet channels [m3]

Vsi,j PM cake volume in each zone [m3]

Vt Total volume of CPF or SCR-F [m3]

Vw Volume of substrate wall [m3]

VPM Volume of PM cake [m3]

v1 Exhaust gas velocity in inlet channel [m/s]

v2 Exhaust gas velocity in outlet channel [m/s]

vw Exhaust gas velocity in PM cake + Substrate wall [m/s]

W Exhaust gas molecular weight [kg kmol�1]

WC Molecular weight of carbon [kg kmol�1]

WNO2 Molecular weight of nitrogen dioxide [kg kmol�1]

WO2 Molecular weight of oxygen [kg kmol�1]

wpi,j PM cake layer thickness at each zone [m]

wp Average PM cake layer thickness of the CPF or SCR-F [m]

ws Substrate wall thickness [m]

wk State estimator process noise matrix

WHTC World harmonized transient cycle

x Diameter ratio of CPF or SCR-F [-]

xk State estimate at time step k

xmodel Model value of variable x

xexp Experimental value of variable x
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Yl Concentration of species l [mg L�1]

Yi,jNO2
Mass fraction of inlet NO2 at each zone [-]

Yi,jO2
Mass fraction of inlet O2 at each zone [-]

Subscripts and Superscripts

i Radial direction

j Axial direction

l Species index

m Reactions index

p Wall slab index

s Stream line index

Greek Symbols

↵NO2 NO2 oxidation partial factor [-]

↵k,NO2 Multiplicative constant for cake permeability

model of NO2 assisted PM oxidation [-]

↵O2 O2 oxidation partial factor [-]

↵k,O2 Multiplicative constant for cake permeability

model of thermal (O2) PM oxidation [-]

�k,NO2 Power constant for cake permeability

model of NO2 assisted PM oxidation [-]

�k,O2 Power constant for cake permeability

model of thermal (O2) PM oxidation [-]

�PCPF/SCR�F Total pressure drop across CPF or SCR-F [kPa]

�Pcakei,j PM cake pressure drop at each zone [kPa]

�L E↵ective zone length [m]

�r E↵ective zone radius [m]

�Pwalli,j Wall pressure drop at each zone [kPa]

�t Solver time step [s]

�x Discretization length in axial direction [m]

✏si,j Porosity of the substrate wall [-]

✏0,s Clean wall porosity [-]
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⇢i,j Exhaust gas density at each zone [kg m�3]

⇢f Filter substrate density [kg m�3]

⇢s PM cake density [kg m�3]

� Stefan-Boltzmann constant [W m�2 K�4]

µ Dynamic viscosity of exhaust gas [Ns m�2]

µavg,gas Average dynamic viscosity of

exhaust gas in the CPF or SCR-F [Ns m�2]

µi,j Dynamic viscosity of exhaust gas at each zone [Ns m�2]

⌘cake PM cake layer filtration e�ciency [-]

⌘cake,loaded Loaded PM cake layer filtration e�ciency [-]

⌘wall,n Wall filtration e�ciency for each slab [-]

⌘walli,j,slab,n Wall filtration e�ciency for each slab [-]

⌘Di,j Collection e�ciency of a single

unit collector due to Brownian di↵usion mechanism [-]

⌘Ri,j Particle Collection e�ciency of a

single unit collector due to interception [-]

�ki,j E↵ective thermal conductivity of PM

cake and filter [W m�1 K�1]

�kf Thermal conductivity of filter [W m�1 K�1]

�ks Thermal conductivity of PM cake [W m�1 K�1]

⌘total Total filtration e�ciency [-]

�i,j Mean free path length of the gas [m]

�ref Mean free path length of the gas at reference condition [m]

� Partition coe�cient [-]

 Percolation factor [-]

⇠ Stoichiometric coe�cient of species l in reaction m [-]

⌦1 Storage capacity of site 1 [-]

⌦2 Storage capacity of site 2 [-]

✓1 Coverage fraction of site 1 [-]

✓2 Coverage fraction of site 2 [-]
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Abstract

This research focuses on modeling and control of PM and NOx in diesel engine exhaust

using a SCR catalyst on a Diesel Particulate Filter (SCR-F). A 2D SCR-F model was

developed that is capable of predicting internal states: 2D temperature, PM and

NH3 storage distributions and filtration e�ciency, pressure drop, PM mass retained

in the PM cake and substrate wall and outlet NO, NO2 and NH3 concentrations. The

SCR-F model was used to simulate a DOC + SCR-F + DOC + SCR ultra-low NOx

system that can achieve > 99.5% NOx conversion e�ciency.

The model was calibrated with experimental data from a Johnson Matthey SCRF®
with a Cummins 2013 ISB engine. The impact of SCR reactions on passive PM

oxidation rate and PM loading on SCR reactions was determined. A comparison of

the experimental and model data for di↵erent ammonia to NOx ratios, PM loading

and passive oxidation conditions is presented. A 2D SCR-F state estimator was

developed by combining a simplified version of the 2D SCR-F model with pressure

drop, outlet thermocouple and NOx sensor measurements using an Extended Kalman

Filter. The temperature, PM mass retained and NH3 coverage fraction states were

predicted which can be used to develop fuel and urea dosing strategies for the SCR-F.

A 2D SCR-F + 1D SCR system model was used to simulate the experimental data col-

lected on a SCR-F + SCR system from a Cummins 2013 ISB engine. The NO2/NOx

ratio at the SCR-F and SCR inlet was found to be limiting factor for NOx conver-

sion e�ciency of this system. An ultra-low NOx system was developed with a DOC

downstream of the SCR-F that maintains an optimum NO2/NOx ratio of 0.5 at the

downstream SCR inlet by using 2 urea injectors. This system was simulated with

a combination of 1D DOC, 2D SCR-F and 1D SCR models and it was found to be

capable of > 99.5% NOx conversion e�ciency, a 90% increase in PM oxidation rate

compared to a SCR-F + SCR system with 1 injector for typical engine operating

conditions.
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Chapter 1

Introduction

Diesel engines are used in wide ranging applications including industrial, agricultural

and transportation. They significantly reduce CO2 emissions, but due to lean combus-

tion they emit significant amounts of nitrogen oxides (NOx) and particulate matter

(PM) emissions which are harmful to human health. Environmental agencies around

the world including the Environmental Protection Agency (EPA) and the California

Air Resources Board (CARB) regulate the amount of emissions emitted by diesel

engines including nitrogen oxides (NOx), carbon monoxide (CO), total hydrocarbons

(THC) and particulate matter (PM). Figure 1.1 shows the limits set for brake specific

NOx (BSNOx) and brakes specific PM (BSPM) by EPA between 1985 and 2015.
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Figure 1.1: Time vs BSPM and BSNOx [1]
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In Figure 1.1 the x axis represents the years at which EPA standards were set and the

y axes consist of brake specific NOx and brake specific PM standards in grams/bhp-hr

for on highway heavy duty Diesel engines [1]. The BSNOx standard was started at

10.7 g/bhp-hr in 1985 followed by a revision to 6, 5 and 4 g/bhp-hr. in 1990, 1991,

and 1998 respectively. A combined HC + NOx standard of 2.4 g/bhp-hr. as standard

in 2004. Some manufacturers supplied engines from 2002 that met this standard.

The PM standard started at 0.6 g/bhp-hr. in 1987 which was lowered to 0.25, 0.1

and 0.01 g/bhp-hr. in 1991, 1994 and 2007. The 2007 standard required used of a

Diesel Particulate Filter (DPF) in addition to a DOC to meet the PM standards. The

BSNOx was further reduced to 0.2 g/bhp-hr in 2010 as shown in Figure 1.1. From 2007

to 2009, the standards required as percent-of-sale basis: 50% compliance in 2007 to

2009 and 100 % in 2010. In practice during 2007 - 2009 most manufacturers opted for

NOx family emissions limit (FEL) of 1.2 g/bhp-hr. for most of their engines.This limit

was achieved through a combination of Exhaust gas recirculation (EGR) and Diesel

particulate filter (DPF). Engines in model year 2010 and later used a combination of

DOC, DPF and selective catalytic reduction (SCR) to comply with the 0.2 g/bhp-hr.

standard.

In order to meet the 2010 EPA standard emissions limits for PM and NOx, aftertreat-

ment systems consisting of a Diesel oxidation catalyst (DOC), Diesel particulate filter

(DPF) and a Selective catalytic reduction (SCR) have been used by engine manufac-

turers. These aftertreatment systems are used in addition to the several in cylinder

strategies including exhaust gas recirculation (EGR), multiple injections and tur-

bocharging that are used for emissions reduction.

The existing production heavy-duty diesel aftertreatment system shown in Figure 1.2

primarily consists of a DOC, catalyzed particulate filter (CPF), SCR and an AMOX.

This system has been used in production since 2010 to control CO, HC, NOx and PM

emissions for heavy duty on highway diesel engines.

The CPF is used to filter and oxidize the PM emissions. The DOC is used to oxidize

CO, NO and the dosed fuel from the fuel doser is used to provide periodic active

regeneration of the CPF to remove the excess PM retained in the CPF. Urea is

injected into the exhaust gas using the injector and is mixed with exhaust gas using

the mixer in a decomposition tube where the urea decomposes to form NH3, CO2

and H2O. The SCR reduces NOx emissions into N2 and H2O by reduction reactions

between NH3, NO and NO2. The AMOX oxidizes the NH3 that slips out of the SCR.
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Engine DOC CPF

SCR � A SCR � B

Decomposition Tube

Urea Injector

AMOX

Mixer

Exhuast Out

Figure 1.2: Cummins ISB 2013 Production Aftertreatment System
Schematic

In both the CPF and SCR, a ratio of NO2/NOx from 0.5-0.6 is required for optimum

passive PM oxidation and fast SCR reactions respectively to maximize the perfor-

mance of these devices [2]. In order to achieve this ratio, the DOC is used to oxidize

the NO to NO2 and the oxidation catalyst in the CPF is used to oxidize NO to NO2

leading to a higher PM oxidation rate by back di↵usion of NO2 in the CPF. In order

to reduce the packaging volume and cost associated with the CPF and SCR, the se-

lective catalytic reduction catalyst on a filter (SCR-F) has been in development over

the past 17 years as reviewed by Song. et al. [3].

For the 2015 CARB optional standard, a further 90 % reduction in BSNOx from 0.2

g/bhp-hr. to 0.02 g/bhp-hr. has been proposed. In order to meet this new ultra-low

NOx standard, engine manufacturers have been doing R and D on aftertreatment

systems consisting of SCR catalyst on a DPF (SCR-F) a device capable of simulta-

neously removing NOx and PM from the exhaust gas. The research in this thesis

focuses on the application of a SCR-F in an ultra-low NOx aftertreatment system

and the development of a 2D numerical model of the SCR-F that simulates the major

phenomena encountered in the device during typical engine operation. This is fol-

lowed by development of a SCR-F state estimator and a system level model that can

3
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simulate the performance of an ultra-Low NOx aftertreatment system that consists

of a SCR-F being the major component.

1.1 Motivation

Design and optimization of aftertreatment systems requires an understanding of the

internal variables of all the devices used including the internal temperature distribu-

tion, change in concentration of chemical species within the CPF and SCR-F etc. In

order to estimate these internal states for accurate control and design of aftertreat-

ment systems, numerical models are required which can predict the unmeasurable

quantities, enabling robust control system design and on board diagnostic (OBD)

applications development.

The internal quantities to be estimated in the SCR-F in this research include 2D tem-

perature, PM mass retained and NH3 coverage fraction distribution. These quantities

are functions of other internal quantities such as change in chemical species concen-

tration of NO, NO2 and NH3 in the PM cake and substrate wall layers by convection,

reaction and di↵usion mechanisms. The numerical model developed is capable of sim-

ulating the chemical species concentrations in the PM cake and substrate wall using

a reaction - di↵usion scheme. The temperature distribution and in turn PM mass

distribution are simulated using a 2D mesh for energy conservation equations in the

inlet, outlet channel and substrate wall.

The development of a numerical model of the SCR-F enables estimation of internal

states of the device which can be combined with measurable quantities such as outlet

exhaust gas temperature, outlet NOx concentration sensor data and pressure drop

data. The predictions from such a state estimator enable the electronic control unit

(ECU) in the vehicle to better control the urea injection rate and fuel injection rate

into the exhaust gas thus ensuring e�cient NOx reduction, lower urea consumption

and lower fuel consumption of fuel during active regeneration and lower pressure drop

across the SCR-F. In order to meet these goals, the 2D SCR-F model was combined

with thermocouple, NOx sensor and pressure drop sensor data using extended Kalman

filter equations to create the SCR-F state estimator.

The SCR-F numerical model also enables simulation of the interaction of the SCR-F

with other after treatment devices in the system such as the DOC and SCR. Such a
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simulation can enable design of an aftertreatment system with higher NOx reduction

performance and lower fuel consumption. In order to demonstrate this application,

the 2D SCR-F model was combined with the 1D DOC and 1D SCR models to simulate

an ultra-low NOx aftertreatment system with potential to significantly reduce the NOx

emissions and enable e�cient regeneration of the SCR-F.

1.2 Diesel Aftertreatment System Experimental

Data

A SCR-F designed by Johnson Matthey refereed to as a SCRF® was used with

a Cummins 2013 ISB engine to collect the experimental data for the 2D SCR-F

model development in this work. The SCRF® was used to replace the CPF. One

configuration using both the CPF and SCRF® to collect SCRF® performance data

with 0 g/l PM loading. These experimental configurations are described below.

In order to evaluate the performance of the SCR-F, the experimental data were col-

lected in three di↵erent configurations as reported in references [4] and [5]. The three

configurations consist of the following combinations of aftertreatment devices:

1. Configuration 1 with and without urea injection consisting of a DOC + SCRF®
(Figure 1.3)

2. Configuration 2 without PM loading consisting of a DOC + CPF + SCRF®
(Figure 1.4)

3. Configuration 2 with PM loading consisting of a DOC + SCRF® (Figure 1.3)

4. Configuration 3 consisting of a DOC + SCRF® + SCR (Figure 1.5)

Figures 1.3 to 1.5 show the di↵erent configurations used for the experimental data.

The experimental setup in Figure 1.3 was used for configuration 1 and configuration

2 experiments with PM loading. In configuration 1 the exhaust passes through the

DOC to oxidize the NO to NO2 and the PM is collected and oxidized along with

the NOx reduction in the SCRF®. There are four active regeneration experiments

with inlet exhaust gas temperature 500 - 600 oC, seven passive oxidation experiments
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with no urea injection and seven passive oxidation experiments with urea injection

at inlet ammonia to NOx target ratio (ANR) of 1.0 conducted with the configuration

1. There are four test conditions with 2 and 4 g/l PM loading in experiments with

configuration 2. A urea cycle with inlet ANR of 0.8, 1 and 1.2 was used after loading

the filter with the required amount of PM.

Engine DOC

Decomposition Tube

Mixer

Exhuast Out

SCRF R� Spacer

DEF Injector

Spacer

Figure 1.3: Configurations 1 and 2 with PM loading Aftertreatment System
Schematic

The experimental setup shown in Figure 1.4 is used in configuration tests with no PM

loading. For these experiments, a CPF is placed upstream of the SCRF® to remove

all the PM in the exhaust and a urea injection cycle with inlet ANR of 0.8, 1.0 and

1.2 was used.

Experimental setup in Figure 1.5 was used for Configuration 3 experiments. The

test cycle used in this configuration is similar to configuration 1 passive oxidation

experiments with urea injection, with a target inlet ANR of 1.1 and a downstream

SCR.
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Engine DOC

Decomposition Tube

Mixer

Exhuast Out

SCRF R� Spacer

CPF

DEF Injector

Figure 1.4: Configurations 2 without PM Aftertreatment System
Schematic

Engine DOC

Decomposition Tube

Mixer

Exhuast Out

SCRF R�

DEF Injector

Spacer

SCR

Figure 1.5: Configurations 3 Aftertreatment System Schematic
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1.3 Research Objectives

The specific objectives of the research work are as follows:

1. Develop a 2D numerical model of a SCR catalyst on a DPF (SCR-F) capable

of simulating the 2D temperature, PM mass retained and NH3 coverage frac-

tion. The model should also predict pressure drop across the SCR-F, filtration

e�ciency and outlet concentrations of NO, NO2 and NH3.

2. Develop a calibration process using a numerical optimization scheme comparing

experimental and model output data to determine the optimized PM oxidation

and SCR kinetics for the 2D SCR-F model using the data collected on Johnson

Matthey SCRF® on a 2013 Cummins ISB 6.7 L engine. The experimental data

consists of data from the three configurations.

3. Determine the impact of the local NO2/NOx ratio at the SCR-F outlet on NOx

conversion e�ciency and NH3 slip of the SCR-F + SCR system.

4. Develop an ultra-low NOx aftertreatment system consisting of DOC1+SCR-

F+DOC2+SCR using models to determine if the system can achieve> 99% NOx

conversion and a 90% increase in PM oxidation rate compared to a DOC1+SCR-

F + SCR system while minimizing the NH3 slip.

5. Develop a simplified 2D SCR-F model with a reduced mesh and quasi steady

state chemical species and channel temperature equations along with a solution

which will be used for the 2D SCR-F state estimator development. The 2D

SCR-F state estimator needs to predict the unknown states consisting of 2D

temperature, PM mass retained and NH3 coverage fraction distributions.
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1.4 Overview of the Thesis

The development of the 2D SCR-F model (v2.3) and the calibration of the model with

experimental data using a Johnson Matthey SCRF® with a Cummins 2013 6.7L ISB

engine is described. The development of the 2D SCR-F + 1D SCR model, simplified

2D SCR-F model, 2D SCR-F state estimator and an ultra-low NOx aftertreatment

system is also presented.

Chapter 1 gives an introduction to the research work and states the goals and objec-

tives of the research. Chapter 2 describes the literature related to the SCR-F model-

ing, experimental work, pressure drop, multi-dimensional CPF modeling, SCR/CPF

state estimator development and ultra-low NOx aftertreatment system development.

Chapter 3 consists of the 2D SCR-F model description with all the governing equations

and model architecture. Chapter 4 presents the experimental data from configurations

1, 2 and 3 that was used to calibrate the 2D SCR-F model. This chapter also deals

with the calibration procedure used to determine all the calibration parameters for

the 2D SCR-F and 1D SCR model including all the PM oxidation and SCR reaction

kinetics. Chapter 5 consists of results from the 2D SCR-F and 2D SCR-F + 1D SCR

model with an analysis of all the internal variables and phenomenon that were found

as part of the model development and calibration process using all the thirty-eight

experiments.

Chapter 6 describes the procedure used for the development of the simplified 2D

SCR-F model and the 2D SCR-F state estimator. The results from the DOC+SCR-

F+SCR state estimator using configuration 3 data is also described. Chapter 7

describes the ultra-low NOx aftertreatment system consisting of a DOC1+SCR-

F+DOC2+SCR+AMOX and two urea injectors, along with the results of the para-

metric study that was carried out using configuration 3 data and a description of a

control system that can be used for such a system. Chapter 8 summarizes the results

from this research work and the conclusions from the 2D SCR-F model, 2D SCR-F

state estimator development and Ultra Low NOx aftertreatment system.
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Chapter 2

Background and Literature Review

The major goal of this research is to develop a 2D SCR-F model for ECU application

to a state estimator and for the design of an aftertreatment system that can meet the

ultra low NOx standard of 0.02 g/bhp-hr. Existing literature was reviewed to develop

the 2D SCR-F model that can simulate the 2D temperature, PM mass retained and

NH3 coverage fraction distributions and outlet concentrations of NO, NO2 and NH3

along with pressure drop and filtration e�ciency of a SCR-F. The review literature

consisted of work related to SCR-F modeling, experimental studies along with CPF

pressure drop and multidimensional modeling. This was followed by a literature

review on the SCR and SCR-F estimator development. Also, literature on after

treatment systems designed to potentially meet the ultra low NOx standard have

been reviewed as part of the work.

Xiaobo Song et al. [3] conducted a literature review of papers involved with a SCR cat-

alyst on DPF’s related to catalyst design, performance characterization and modeling

which was carried out as part of the MTU Diesel Engine Aftertreatment Consortium.

The main conclusions from this paper are :

• The SCR-F leads to lower substrate volume leading to easier light o↵ at lower

temperatures.

• The catalyst that is embedded inside the substrate wall is more e↵ective than

layer type catalyst

• That the e↵ect of PM on NO2 di↵usion needs to be modeled
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• The competition for NO2 between SCR and PM oxidation reactions needs to

be modeled.

• Multiple NH3 storage sites were modeled in literature.

The present literature review is an extension of this work with a focus on modeling,

experimental data and estimator development aspects of the SCR catalyst on DPF’s

and ultra low NOx systems.

2.1 SCR-F Models

SCR-F models reviewed in the literature all have a focus on the interaction of the

SCR reactions with the PM oxidation reactions. The major focus of the modelling

includes

• E↵ect of SCR reactions on PM oxidation rate

• Impact of PM loading on SCR reactions and deNOx performance of the SCR

catalyst on a DPF

• Low temperature NOx reduction performance and inhibition due to nitrate for-

mation

• Change in local NO2/NOx ratio in the substrate wall and its impact on the SCR

reactions

• Inhibition in active sites by PM deposited in the wall

• Change in NH3 storage capacity with PM loading

• Incomplete conversion of urea to NH3 at low temperatures (T < 250 oC)

Park et al. [6][7] developed a one-dimensional two way DPF/SCR model by com-

bining the 1D physical model of a DPF with chemical reactions and kinetics from

a SCR model with a focus on evaluating PM NOx interactions. This model found

a correlation between PM loading and local NO2/NOx ratio in the wall PM which
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impacts the NOx reduction activity by controlling the types of SCR reactions taking

place in the substrate wall. The study also found the inhibition of SCR reactions due

to deep bed PM in the substrate wall. The decrease in the mass transfer of NH3 to the

catalyst sites and the resultant reduction NOx reduction performance was modeled.

The model assumed that the SCR catalyst coating was present inside the substrate

wall and considered forward di↵usion of the chemical species between the PM cake

and the substrate wall. Figure 2.1 shows the PM deposited on the substrate wall

which blocks the active sites involved in NH3 storage.

Figure 2.1: Inhibition of NH3 transport to active site due to PM in the
substrate wall [7]

Colombo et al. [8] developed a SCR catalyst on a DPF model based on Axisuite

® software that focuses on coupling the di↵usion and reaction mechanisms which

a↵ect the interaction between the PM oxidation and the SCR reactions. The study

found a significant change in local NO2/NOx ratio in the substrate wall due to the

presence of PM which altered the NOx reduction performance either in the positive

direction when NO2/NOx ratio is greater than 0.5 or decreased NOx reduction in the

case of NO2/NOx ratio less than or equal to 0.5. Figure 2.2 shows the decrease in

NO2 concentration through the PM cake layer that was observed in this work in the

case with urea injection.

Tan et al. [9] developed a 2-way SCR catalyst on a DPF model for a Cu-Ze based SCR

on a DPF for heavy duty diesel systems. This study found that up to 30% reduction

in overall SCR volume can be achieved using a SCR catalyst on a DPF+SCR system

compared to a CDPF + SCR system while obtaining similar deNOx and PM filtration
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Figure 2.2: Radial NO/NO2 profiles (PM cake and substrate wall) with
and without NH3 [8]

e�ciency performance. It was observed that a degreened SCR catalyst on a DPF

showed a 30% decrease in NH3 storage with PM loading but an aged SCR catalyst

on a DPF showed no change in storage of NH3 with PM. Also, it was concluded that

with a 20 - 30oC increase in the temperature profile, the PM oxidation rate can be

increased to the levels observed in a CDPF.

Yang et al. [10] developed a 1D model for Cu-Ze SCR on a DPF. This study focused

on the e↵ects of space velocity, temperature and local NO2/NOx ratio on clean and

PM loaded filters. The variation in space velocity was found to have a 2% change in

the NOx reduction performance. PM in the substrate wall on the other hand played

an important role in decreasing NOx reduction performance. Unlike previous studies,
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the e↵ect of PM in the substrate wall and PM cake was studied separately in this

work and it was found that wall PM is the main reason for blocking the active NH3

storage sites. The inhibition of NH3 storage caused by wall PM was simulated. Also,

energy release by the SCR reactions and their impact on wall PM oxidation rate were

simulated. Figure 2.3 shows the variation of NH3 storage and NO2 consumption rate

through the PM cake and substrate wall observed in this study.

Figure 2.3: NH3 storage and NO2 consumption in PM cake and wall with
and without PM [10]

Watling al. [11] developed a 1D model of a SCR catalyst on a DPF using kinetics

from lab reactor experiments. The model was able to predict outlet concentrations

of NO, NO2 and NH3 slip as well as N2O formation and NH3 storage. It was found

that PM had minimal impact on SCR activity but had significant impact on PM

oxidation rate by NO2 oxidation. An additional global reaction used in this model is

the decomposition of NO2 to NO by adsorbed NH3 to simulate the excess NO which

could not be explained by the reversible NO2 decomposition reaction.

2NH3(ads)
+ 3NO2 ! 3NO +N2 + 3H2O

Also, a exotherm of 5oC was observed due to SCR reactions which has a beneficial
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e↵ect on PM oxidation at temperatures above 500oC where thermal PM oxidation is

dominant.

Konstandopoulos, et al. [12] developed a two-layer SCR catalyst on a DPF model

that studied the impact of thin coatings and variable porosity in the filter substrate

wall on the pressure drop as well as deNOx performance of the SCR on a DPF. This

model takes into account variation of PM oxidation rate based on the PM contact

variation. The e↵ect of PM catalyst dynamics on the oxidation rate and SCR reaction

rate as well as pressure drop across the filter were studied which is useful in developing

e�cient filter designs to find a proper tradeo↵ between pressure drop and filtration

e�ciency.

Schrade et.al [13] developed a phyisico-chemical model of the SCR on DPF based

on fundamental principles for control strategies of a SCR catalyst on a DPF using

AxiSuite ® software. This model was calibrated with transient data from the NEDC

cycle and from reactor data. The reactor data showed bimodal adsorption and des-

orption of NH3 which led to a two-site model development. The two sites represent

weakly bonded NH3 at Lewis acid sites and strongly bonded NH3 by chemisorption

at Bronstedt sites. Figure 2.4 shows the desorption pattern of a clean filter in this

study which shows two distinct peaks for desorption which correspond to two di↵erent

storage sites.

A significant change in the amount of NH3 storage in the presence of the PM cake was

found in this study which could lead to a third storage site present in the PM cake.

Although the third site was neglected in the model as the change in NH3 storage was

less than 5 %. The light o↵ temperature for the SCR on a DPF was found to be

above 200OC. NH4NO3 formation and the inhibition caused by these deposits was

simulated for temperatures less than 250oC and high NO2/NOx ratios using a third

site for nitrates deposition. Water adsorption on zeolites was also considered in this

model along with inhibition of active sites by wall PM.

Tronconi et.al [14] developed a multiscale SCR catalyst on a DPF model using Ax-

isuite ® software with NH3 kinetics collected from fixed bed reactor based tests which

were used for creating a physicochemical model. A decoupled calibration procedure

was used for the calibration of the SCR reactions and NO2 assisted PM oxidation

kinetics. The validity of kinetics found was then tested on a model of a medium and

heavy duty engine SCR catalyst on a DPF. Higher CO/CO2 was found for cases with

NO2 presence due to NO2 assisted PM oxidation till 400oC. Studies on the filtration
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Figure 2.4: NH3 adsorption and desorption for PM free filter with 250 ppm
inlet NH3 [13]

and pressure drop characteristics of the SCR catalyst on a DPF for di↵erent PM

loading values was also conducted. It was found that with the presence of the SCR

reactions, the available NO2 in the PM cake and thus PM oxidation rate was reduced

due to forward di↵usion phenomena between PM cake and the substrate wall. As

shown in Figure 2.5, a significant decrease in the NO2 concentration across the PM

cake was observed in the case with urea injection.

Figure 2.6 shows the competition for NO2 between SCR reactions and PM oxidation

in the SCR catalyst on a DPF [14] which is responsible for the decrease in the NO2

concentration in the PM cake.

Dosda et al. [15] developed a SCR catalyst on a DPF and SCR exhaust line model

to simulate the SCR catalyst on a DPF with a downstream SCR. This model studied

the deterioration of the catalyst due to thermal oxidation. The model found that

CuO species aggregation in the Cu-Ze catalyst was the reason behind the decrease in

the number of active sites in an aged SCR catalyst on a DPF. This model assumed
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Figure 2.5: Change in NO2 concentration in radial and axial direction [14]

Figure 2.6: Competition for NO2 between PM oxidation and SCR reactions
[14]

one site for storage and consumption of NH3.

Lopez et. al [16] developed a Vanadium catalyst based SCR-F model. This study

found that the fast SCR reaction did not a↵ect the PM balance point. The maximum

deNOx was found to be between 180 � 300oC with deNOx e�ciency of 90 %. Higher

temperatures led to NH3 oxidation which significantly decreased the deNOx perfor-

mance. This model assumed that the number of active sites is linearly proportional

to the wash coat loading present on the SCRF®.
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Strots et.al [17] performed a comparative study on a DOC+CDPF+SCR system and

DOC+SCR-F+SCR system on a HDD engine with the WHTC cycle data and 1D

SCR/DPF model using AxiSuite ® software. The SCR-F based system was found

to have faster light o↵ at 200oC.

Overall the major trends that were observed from the literature review of the SCR-F

modeling are as follows

• PM loading does not significantly a↵ect the SCR reactions

• PM in the substrate wall is responsible for a decrease in the SCR storage

• Significant change in local NO2/NOx ratio is observed across the PM cake and

substrate wall for PM loaded filters which a↵ects NOx reduction performance

• Some studies found an increase in storage of the NH3 with PM loading which

needs to be studied further

• SCR reactions have significant impact on PM oxidation rate due to forward

di↵usion of NO2 caused by competition for NO2 between PM oxidation and

SCR reactions

• Inhibition of SCR reactions by the presence of nitrate deposits in the substrate

wall below 250oC was observed in some studies

• An exotherm of about 5oC caused by SCR reactions was reported in some of

the studies but a quantitative modelling study of temperature change caused

by the SCR reactions needs to be developed.

Some of the new trends that were observed in this literature review compared to

earlier work by Xiaobo et al. [3] are as follows

• Forward di↵usion phenomena governs the competition for NO2 between SCR

and PM oxidation reactions

• PM in the substrate is responsible for a decrease in the NH3 storage

• Inhibition of the SCR reactions occurs due to the nitrate deposits at tempera-

tures below 250oC
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• There is an increase in NH3 storage due to PM loading

• Exotherm of 5oC caused by the SCR reactions was observed in the experimental

data

2.2 SCR-F Experimental Studies

Experimental studies of a SCR catalyst on a DPF have been performed by multiple

groups to study the e↵ect of PM loading on SCR activity and the e↵ect of SCR re-

actions on PM oxidation rate. Studies on N2O formation and NH4NO3 deposits at

temperatures below 250oC have also been conducted. Comparison studies of produc-

tion after-treatment systems consisting of a DOC+CDPF+SCR as compared to a

DOC+SCR-F+SCR have been performed to determine the quantitative decrease in

SCR catalyst volume, system level deNOx performance and PM oxidation rate. The

major classification of the catalysts used in the SCR on a DPF are Fe-Ze, Cu-Ze and

Vandia with each having its advantages and disadvantages. The following paragraphs

give a brief explanation of the experimental studies performed on SCR catalysts on

DPF0s.

Mihai et al. [18] [19] has conducted experimental studies on a Cu-Ze based SCR

coated DPF which has been hydrothermally aged to 850oC for 12 hrs. The filter was

loaded with PM and cut into sections which were then subjected to reactor tests.

NOx reduction performance decreased with increase in PM loading with the largest

CO/CO2 formation at 540oC. The standard SCR reaction rate increased slightly

when PM is removed. The presence of PM reduced the formation of NH4NO3 which

increased the fast SCR reaction rate at 150oC. The authors proposed that PM reacts

with NH4NO3 present on CuO species outside the zeolite leading to less number of

blocked sites and higher standard SCR reaction rate at low temperatures (< 250oC).

Maximum NOx reduction was observed between 250-400oC. Cu particles are susptible

to NO oxidation so less NO oxidation was observed with PM loading. NH3 oxidation

increases with an increase in PM loading at high temperature.

Lasitha et al. [20][21] conducted a comparative study on PM oxidation e�ciency of

a SCRF® vs a CSF during active regeneration. It was found that for T > 270oC,

the CSF had a higher passive oxidation rate compared to the SCRF®. For the same

inlet temperature, the SCRF® had 5 - 45 % lower PM oxidation rate compared to
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the CSF. Also, a significant amount of NO2 was formed in the CSF compared to the

SCRF® during passive oxidation e.g. 6-12 % vs 1%. The location of PM was found

to have minimal e↵ect on PM oxidation rate. Also, for the CSF, it was found that

PM oxidation rate increased with increase in Pt catalyst loading with 40 g/ft3 filter

having higher PM oxidation rate than 10 g/ft3. Pt was found to not catalyze the

NO2 based PM oxidation but instead caused an increase in the NO2 available in the

PM cake by oxidizing NO to NO2 unlike the catalyst Cu-Ze in the SCRF® which

did not oxidize a significant amount of NO to NO2.

During active regeneration, the PM oxidation rate remained the same for the SCRF®
with and without NH3. The CSF had higher PM oxidation rate during active regen-

eration compared to the SCRF® due to the higher NO2 produced by the Pt catalyst

which back di↵used into the PM cake at the cake wall boundary. Figure 2.9 shows

the comparison of the PM oxidation rate between the CSF and the SCRF® for

temperatures greater than 550oC.

Figure 2.7: PM oxidation rate CSF vs SCRF® [20]

Lee et al. [22] conducted experiments on Cu-Ze SCR/DPF using US06 and cold

FTP cycles to evaluate transient performance of the SCR/DPF. It was found that

NOx reduction performance of the SCR/DPF decreased from 84% to 82% with in-

crease in mileage. Back pressure did not a↵ect the NOx reduction performance of the

SCR/DPF.
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The SCR/DPF was found to have 96% NOx reduction e�ciency for US06 cycle with

PM loading up to 5 g/l having minimal impact on NOx reduction performance. The

NOx reduction e�ciency reduced to 53 % at temperatures above 400oC due to NH3

oxidation. Also, oxidation of about 5 % of the NH3 to NOx in the mixer was observed

at high temperatures. Catalyst deactivation was also studied and it was found that

the number of active sites on the Cu-Ze catalyst and thus NH3 storage capacity

reduced after the filter was subjected to thermal regeneration above 550oC.

Tang et.al. [23] performed experiments on a Cu-Ze SCR on filters (SCRoF) to study

DeNOx and NH3 slip characteristics for steady state and transient conditions. The

study also focused on the e↵ect of sulphur content in the fuel on the Cu-Ze catalyst.

The SCRoF was exposed to fuel containing 395 ppm of sulphur which led to degrada-

tion of catalyst performance. The desulfication process was conducted at 500oC for

0.5 hrs which led to complete recovery of the NH3 storage capacity and NOx reducing

performance of the SCRoF. SCR reaction rates were found to be significantly faster

than the PM oxidation reactions leading to a decrease in the PM oxidation rate due

to forward di↵usion of NO2. A NO2/NOx ratio of 0.74 was found to be suitable for a

loaded filter to achieve a NOx reduction performance of 84 %.

Naseri et.al. [24] and Cavataio et.al. [25] performed SCR catalyst on a DPF exper-

iments to compare the performance of the CSF to a SCR catalyst on a DPF. They

found higher NOx reduction performance in the SCR catalyst on a DPF compared

to a CSF+SCR system for both transient and steady state conditions.

Mihani et al. [26] conducted experiments to study the e↵ects of ammonia nitrate on

the low temperature performance of a Cu-Ze SCR on a DPF. The study found that

there is a significant increase in ammonia storage with PM loaded filters compared to

a clean filter (493 mol for PM loaded filter vs 424 mol for filter without PM). Figure

2.8 shows the change in outlet NH3 concentration between the filter with and without

PM loading.

The study also found that PM reduced the formation of NH4NO3 at low temperatures

which led to a decrease in N2O formation at T > 400oC as well as increasing the NO2

SCR reaction at low temperatures. In the case of a clean filter, the nitrate deposits

block the active sites reducing the NH3 storage and deNOx performance but in the case

of PM loaded filters, the PM reacts with nitrates keeping the active sites free, leading

to higher NOx reduction performance. Also, two types of nitrates were observed in

the filter based on outlet N2O values at high temperatures.
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Figure 2.8: NH3 inlet and outlet concentrations [26]

Upon analysis of the PM, the authors propose that the hydrothermal aging of filters

leads to the formation of CuO species which are coated on top of zeolite particles.

The PM reacts with NH4NO3 undergoing oxidation over these CuO species which

reduces the nitrate deposits and thus keeps the active sites free for NH3 storage.

2.3 1D and Multi Dimensional CPF Models

The CPF models in 0D and 1D can be used to implement model based control systems

for fuel dosing during active regeneration events in the ECU. Several 0D, 1D models

including the ones developed by Kladopoulou et al. [27] and Rose et al. [28] have

been implemented which are faster than real time. These models assume a lumped

approach to heat transfer to the ambient with heat conduction through the substrate

wall. Nagar et al [29] implemented a 0-D model faster than real time with an tem-

perature prediction which is within 25 oC of the experimental values. This model

had di�culty predicting the pressure drop for initiating fuel injection. The reason

for inaccuracies in this model arise because of a lack of the radial conduction term in

the model for heat transfer to the ambient. Mulone et al. [30] implemented a model

that was able to predict steady state and transient loading which are critical in the

ability to accurately predict the pressure drop across the CPF.
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In order to overcome some of the inaccuracies that arise due to lack of radial heat

transfer in the filter, Depcik et al.[31] described a computationally e�cient 2D CPF

model. This model used a lumped approach to solve the temperature equation in

each of the radial and axial zones that are part of the 2D mesh developed using

resistance node methodology. This model was implemented in real time in an ECU

and combined with the classical filtration model [32] with lumped PM in each of the

zones. This approach was further extended by Boopathi et al. to develop a 2D high

fidelity CPF model capable of simulating pressure drop, temperature and pressure

drop distribution. This model was further used to create a 2D CPF state estimator.

The approach used by Boopathi et al. is further extended in this work to simulate

the 2D temperature in the SCR-F.

Konstandopoulos et al. [12] developed a multidimensional CPF model with mul-

tiphase approach to simulate non uniformity’s in the filter. The model was based

on several single channel descriptions involving a 3D mesh in which several partial

di↵erential equations were solved in a CFD framework. The 3D temperature equa-

tion considered heat transfer by conduction, convection and radiation to the ambient.

This approach although accurate was computationally expensive leading to a model

that’s slower than real time.

Miyari et al. [33] developed a 2D thermal conduction model to simulate the 2D

temperature profile during active regeneration events. The temperature equation

considered conduction of heat through the substrate material in both the radial and

axial direction. The mesh consisted of several 1D models that were arranged radially

to simulate the overall temperature distribution. This model considered energy release

into the gas stream using thermal PM oxidation reaction although energy release by

hydrocarbon oxidation and NO2 assisted PM oxidation were not considered.

Yi et al. [34] developed a 3D model to predict the PM distribution and temperature

inside a CPF. This model used a lumped set of channels with similar inlet properties

using a 1D approach to predict the 3D properties. This approach reduced the compu-

tational expense involved with a full 3D CFD model. This model neglected oxidation

of PM and heat losses to the ambient.
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2.4 Pressure Drop Modeling

Modelling of pressure drop across a CPF is an important aspect in predicting the fuel

dosing strategy during regeneration. The pressure drop across the filter consists of

three components 1) Frictional loses due to flow of exhaust gases through the inlet

and outlet channel 2) Pressure drop due to flow through the PM cake 3) Pressure

drop in the substrate wall. The original formulation for these 3 components was

developed using packed bed filtration theory by Konstandopoulos and Johnson [35].

Haralampous et al. [36] further derived an analytic approach to calculate the pres-

sure drop in a 1D pressure drop model. This new approach considered variation of

permeability of the substrate wall due to PM deposited in the wall during filtration.

Premchand et al. [37] further developed a 1D model for prediction of CPF pressure

drop using axial momentum equations in the channels and the Darcy equation for

cake and wall pressure drop. The filtration calculations in this case were performed

using a packed bed filtration approach using the unit collector concept. The oxidation

of PM in the cake and substrate wall was also accounted for this model along with

a transition permeability concept to simulate the formation of the PM cake after the

wall is filled with certain amount of PM. Mahadevan et al. further developed this

approach to take into account the change in the permeability of cake during PM

oxidation using the damage permeability concept.

2.5 SCR and CPF State Estimator Studies

A SCR catalyst on a DPF estimator can be used to estimate the outlet tempera-

ture, pressure drop across filter, PM mass retained and the outlet concentrations of

NO, NO2, NH3 and the NH3 storage. Since there are no SCR-F estimators in the

open literature, this review will focus on recent work on both SCR and CPF state

estimators.

The major trends in the research directions observed in the SCR literature are as

follows:

1. Modeling of the cross-sensitivity of the outlet NOx sensor with NH3 to improve

NOx estimation.
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2. Reducing the number of sensors used to reliably predict downstream NO/NO2

and NH3 concentrations

3. Estimating the inlet NH3 for low temperature conditions

4. Estimating the coverage fraction of NH3 stored inside the SCR

5. Estimating the concentrations of NO, NO2 and NH3

Upadhyay et al. [38] developed a model based SCR control law using a 3-state lumped

model. In order to take into account the competing objectives of high NOx conversion

and low NH3 slip, an alternate definition of conversion e�ciency that combined these

factors was used. The observability matrix was found to have the required rank of 3

for all the normal engine operating conditions. A FTP75 cycle based test was used

to evaluate the estimator.

Devarkonda et al. [39] developed a model based linear estimator and nonlinear urea

injection controller for a Fe-Ze SCR. The plant model used 4 states NO, NO2, NH3

and coverage fraction allowing NO, NO2 to be controlled independently. The system

was found to be observable and controllable for all the operating conditions. In order

to quantify the accuracy of the 4 state model, a 3-state version of the plant model

was developed and both of these models were compared in terms of accuracy of states

predicted and stability. It was found that NO, NO2 based 4 state approach was

more accurate at predicting the states and controlling the system compared to a NOx

based 3 state approach. A full state feedback nonlinear control law was used for urea

injection where the only measurement was a downstream NOx sensor.

Hsieh et al. [40] developed a nonlinear Extended Kalman Filter (EKF) based SCR

estimator to predict NOx concentration using a NOx sensor. The EKF simultaneously

estimated a NOx/NH3 cross sensitivity factor to improve the NOx and NH3 slip

estimates. In production systems, a manufacturer supplied, constant, cross sensitivity

factor is used to extract a NOx measurement from the NH3 corrupted NOx sensor

output. However, cross sensitivity is a function of catalyst deterioration, sensor aging,

temperature, etc.

Zhou et al. [41] a kalman filter based on 3 state linear state estimator and a extended

kalman filter based non linear 4 state estimator. Both the estimators were used

to predict the NH3 storage and outlet NOx concentrations. Feedback loop control

was used for SCR control and the estimators were validated on a world harmonized
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transient cycle (WHTC). The 4 state based EKF was found to be more accurate

compared to 3 state based KF estimator.

Chen et al. [41] developed an SCR estimator to predict NOx concentrations at low

exhaust gas temperatures (T<250oC) . Since low temperatures lead to incomplete

conversion of urea to NH3 and incomplete hydrolysis of isocyanic acid, estimation of

inlet NH3 is important. Two separate estimators were used - one to compute storage

of ammonia in the SCR and the outlet NH3 concentration and the other estimator to

predict the inlet NH3 concentration. The setup used is shown in Figure 2.9.

Figure 2.9: SCR estimator setup [41]

Surenhalli et.al [42] developed an EKF SCR estimator to predict NH3 storage and

outlet NO, NO2 and NH3 concentrations. Estimator performance was evaluated for

three di↵erent sensor configurations : (1) NOx, (2) NH3 and (3) NOx and NH3. The

system with both NOx and NH3 sensors had the best performance followed by the NH3

sensor configuration. The system with a single NOx sensor had worst performance.

The plant model used a two-site NH3 storage model along with the SCR reaction.

The plant model was calibrated with engine steady state data to within +/- 40 ppm

for NO/NO2 and +/- 1 ppm for NH3 concentrations.

These estimator results were validated with both steady state and transient data.

26



www.manaraa.com

DRAFT

Zhang et al. [43] developed a SCR estimator to predict outlet NOx concentrations in

a two SCR motivated by exchanging sensors with estimated quantities. Figure 2.10

shows the arrangement of sensors in the original system consisting of 3 NH3 sensors

and three NOx sensors:

Figure 2.10: Two brick SCR system [43]

A two-estimator scheme was used. The first estimator predicted the inlet NH3 and

coverage fraction inside the first SCR thus replacing the NH3 sensor at the inlet of

the first SCR. The second estimator was a Luenberger observer [43] and estimated

NOx concentration and NH3 coverage fraction in the second SCR.

Mahadevan et.al [44] developed a CPF estimator to predict the outlet temperature,

pressure drop and the PM mass retained as shown in Figure 2.11. The strategy

consisted of an EKF for estimation of temperature and PM loading distribution while

a linear Kalman filter predicted the pressure drop.

A 2D CPF model was used in both estimators.. The pressure drop estimate was

computed based on the pressure drop sensor reading along with the internal states

of temperature and PM distribution at every time step. The estimator was able to

predict outlet temperature to within 5oC and pressure drop to within 0.5 kPa of

experimental values.

2.6 Ultra-Low NOx Aftertreatment Systems

The modeling and experimental studies with a SCR-F indicate a reduction in NOx

conversion of the SCR-F due to low inlet exhaust gas temperature (<250oC), increased
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Figure 2.11: CPF estimator system [44]

PM loading, thermal aging, sulphur poisoning and unfavorable NO2/NOx ratio < 0.5

during engine operation. In order to ensure a NOx reduction e�ciency of greater than

99.0 % required to meet the 0.02g/bhp-hr standard, a combination of a SCR-F with a

SCR is potentially required to mitigate the impact of reduced NOx conversion of the

SCR-F. Experimental studies on di↵erent combinations of SCR-F, SCR and passive

NOx adsorber (PNA) have been studied in the literature that have been designed to

meet the cold start and hot cycle parts for the NOx standards.

Strots et al. [17] developed a system model of the SCR-F with other catalysts and a

urea dosing injector to determine the interaction of the SCR-F with a SCR in terms of

NOx reduction performance. A 1D SCR-F model was used along with 1D DOC and

SCR models. WHTC cycle based on a 6-cylinder 255 kW Euro 5 engine simulation

was used for the work. Two designs of a DOC+DPF+SCR+ammonia oxidation

catalyst (AMOX) and DOC+DPF+SCR+SCR+AMOX were compared against a

DOC+SCR-F+SCR+AMOX system. A faster light o↵ of the SCR-F compared to

the SCR in the DPF+SCR system was observed during cold startup due to the lower

system thermal inertia caused by the upstream DPF in the DPF+SCR system. A

higher operating temperature > 8oC compared to the SCR during the hot portion of

the cycle was observed for the SCR-F. The importance of NO2 concentration profile

caused by reaction-di↵usion interaction with the fast SCR reaction in the substrate
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wall was identified for future work.

Sharp. et al. [45][46][47] studied di↵erent combinations of aftertreatment devices that

can achieve the 0.02 g/bhp-hr NOx emissions standard target. It was determined

that in order to achieve this target for a cycle consisting of 1/7th cold start and

6/7th hot start, a composite of 99.4% NOx reduction e�ciency is required. A final

configuration consisting of PNA + Mini Burner (MB) +SCR-F +SCR +ammonia

slip catalyst (ASC) was identified as plausible system that can meet the 0.02 g/bhp-

hr. NOx standard. Significant cold start FTP emissions reduction is required to

achieve the target. It was concluded that a combination of the addition of external

heat, reduction of thermal mass of the system, the optimum positioning of catalyst

is required to achieve the objective.

Georgiadis et al. [48] designed a system that can significantly reduce the non-

uniformity of the NH3 coverage fraction in the SCR-F leading to lower NH3 slip.

A control system that can reduce NH3 slip by maximizing NH3 utilization in the

SCR-F during real world operation was developed in order to eliminate the need for

an ASC downstream of the SCR-F.

In the system level studies consisting of a SCR-F the role of external heating, lower

thermal mass along with placement of catalyst were explored. The impact of local

NO2/NOx ratio and NH3 adsorption rate in the SCR-F and SCR as a function of

temperature and flow rate of exhaust need to be studied. The contribution of each of

the SCR reactions at di↵erent temperatures and flow rate conditions in both the SCR-

F and SCR is also an important parameter that determines the system performance.

These aspects have been studied in this thesis while taking into account the impact of

PM loading on NOx reduction performance and the change in NO2/NOx ratio across

the SCR-F during PM loading.

2.7 Summary

The literature on a SCR catalyst on DPF’s by modeling, experimental data and the

design of estimators, led to the following observations that needs to be studied as

part of this research

29



www.manaraa.com

DRAFT

1. The impact of the SCR reactions on PM oxidation rate and the amount of

forward di↵usion of NO2 from cake to substrate wall

2. The requirement for one or two sites for storage of NH3 in the substrate wall

3. The interaction of PM with NH3 in terms of storage

4. The impact of PM in the wall on SCR reactions in terms of temperature and

inhibition of active sites

5. The impact of PM loading on local NO2/NOx ratio in the substrate wall which

a↵ects the NOx reduction performance of the Johnson Matthey SCRF® used

for the experimental data in this thesis.

6. The requirements for a state estimator that can estimate the 2D PM mass

retained, temperature, NH3 storage and the pressure drop as well as outlet

chemical species concentrations of NO, NO2 and NH3

The literature review on ultra low NOx aftertreatment systems focused on increasing

the NOx reduction e�ciency during cold start conditions. This objective is achieved

by the addition of external heat, use of a close coupled SCR and NOx adsorber.

Other factors such as local NO2/NOx ratio at the inlet of each device have been

identified as important variables that need to be studied in order to optimize the

system performance for a cycle NOx conversion e�ciency of > 99.5 % required to

meet the 0.02 g/bhp-hr. standard. This work will explore a possible system that

achieves this system performance by a method in which the NO2/NOx ratio can be

controlled within +/-5% using a combination of a second DOC after the SCR-F with

two urea injectors along with a control algorithm that adapts according to engine

conditions.
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Chapter 3

SCR-F Model Development 1

The 2D SCR-F model was developed to compute the 2D temperature, PM and NH3

distribution, SCR-F outlet concentration of NO, NO2 and NH3, filtration e�ciency

and pressure drop across the SCR-F and PM mass retained. The model was devel-

oped in MATLAB/Simulink with a variable time step ODE solver (ODE15s) with a

capability to run at 60 times real time speed (1 hour experiment is simulated in 1

minute). The model architecture and the governing equations used are described in

the following sections. The major outputs of the model are :

1. 2D temperature distribution of the exhaust gas in the inlet/outlet channel and

substrate

2. Total PM mass retained and 2D PM mass distribution

3. Outlet NO, NO2 and NH3 concentrations

4. 2D distribution of the coverage fraction of the two NH3 storage sites

5. Filtration e�ciency across the SCR-F

6. Pressure drop across the SCR-F

1Parts of this chapter are from reference [49]
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3.1 Overview of the Model

The SCR-F is discretized intoN axial andM radial zones, each comprised of hundreds

of cells with inlet, outlet channels, PM cake and substrate wall. It is assumed that all

cells within a zone have the same intensive properties such as pressure drop, substrate

temperature, inlet and outlet channel gas temperatures,etc. and can be modeled using

a single, representative cell. The extensive properties, such as total PM mass retained,

NH3 stored etc., are scaled up from those of the representative cell according to the

number of actual cells in each zone. The SCR-F’s exit variables, such as species

concentration and temperature, are calculated from their volume averaged outlet

properties of all zones at the exit end of the SCR-F. The SCR-F model assumptions

are outlined as follows:

1. There is no inlet PM maldistribution. Thus, each zone’s PM inlet rate is the

product of the SCR-F’s PM inlet rate and the ratio of the zone’s volume to the

SCR-F’s total volume.

2. Each zone contains three temperature states: inlet, outlet channel gas and the

zone’s - the combined mass of the PM cake layer and the substrate wall.

3. A fully developed thermal boundary layer exists at the inlet of the SCR-F.

4. The exhaust gas is ideal whose properties are functions of temperature and

pressure in the test cell. Its molecular weight is based on the concentration of

the most prevalent inlet species: CO2, O2, N2 and H2O.
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3.2 Model Architecture

The SCR-F model was developed in MATLAB/Simulink using an object oriented M-

Coded S Function with a variable time step solver ODE15s. The M-coded S function

used for the model computed the gradients at each time step for all the temperature,

PM mass retained, species concentrations and NH3 coverage fraction states. These

gradients were supplied to the ODE solver which then integrated them over time based

on the time step size computed by the solver using the magnitude of the gradients.

Figure 3.1 shows the flowchart of the SCR-F model including the steps involved in

the model’s execution are shown in Figure 3.1 and as summarized below:

1. The initial conditions of the temperature, PM mass in cake and wall and chem-

ical species concentrations including the NH3 coverage fraction are computed

at time t = 0.

2. The time step size is determined by the ODE solver based on the magnitude of

the gradients

3. Temperature states are updated by the solver after integration over time based

on temperature gradients obtained using heat transfer by conduction, convec-

tion, radiation, heat loss to ambient, energy release by chemical reactions

4. PM states are updated based on filtration e�ciency and PM oxidation gradients.

5. Species states and NH3 coverage fraction states are updated based on convec-

tion, di↵usion transport and consumption of chemical species by reactions.

6. Filtration e�ciency and pressure drop based on PM states is computed.

7. The solver checks for convergence based on gradients, relative, absolute toler-

ance values. If convergence is not reached, a sub iteration with changed time

step size is performed. On reaching convergence, the simulation outputs quan-

tities at the major time step and moves to the next time step.

8. If the simulation end time has not been reached, then steps 2-7 are repeated.
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Figure 3.1: SCR-F model flowchart

MATLAB Classes were used to compute each of the physical properties used in the

model with numerical integration being performed using the ODE solver. The main

classes used in the model were :
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1. classDelP - Calculates pressure drop and filtration e�ciency.

2. classDOC - Computes the radial temperature profile at the inlet of the SCR-F

3. classGas - Handles calculation of all the physical properties of the gas along

with the species sub model that tracks species concentration across the SCR-F

4. classMesh - Creates the mesh used for the model (determines number of axial

and radial zones)

5. classPM - Tracks PM mass retained in the PM cake and wall using inputs from

filtration and species models

6. classRxn - Calculates the rate constants of all the reactions and the PM oxida-

tion rate

7. classThermal - Computes the temperature in the inlet, outlet channels and

substrate + PM cake domains

The following scripts were used along with classes to compute the required outputs :

1. autoCheck - Main setup file that initializes the initial conditions of all the states

and runs the Simulink model

2. Parameters - Contains all the user defined parameters

3. Constants - Defines all the physical quantities

4. Derived - Contains derived quantities based on physical constants

5. docFcn - Initializes the temperature states

6. Indices - Initializes variables used for indices in the model

7. cpfContSFn - Main M coded S-function of the model

Figure 3.2 shows the schematic of the 2D SCR-F model.
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Figure 3.2: SCR-F model schematic

3.3 Submodels

The SCR-F model consists of several submodels that are used to calculate the impor-

tant states and outputs of the model. Each of the submodels are run once per time

step to evaluate the change in either the internal state or output. The major sub

models in the SCRF Model are temperature, exhaust gas velocity, chemical species,

PM oxidation, filtration, pressure drop and cake permeability.

3.3.1 Mesh Development

Figure 3.3 shows an SCR-F with length L and radius R that has been discretized

in the axial and radial directions creating NM annular regions. The model uses

a 2D representation where the annular region properties, such as conduction and

convection, are transformed into 2D equivalent values.
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Figure 3.3: SCR-F discretization illustrating 12 annular zones where N =
3 and M = 4

Figure 3.4 illustrates the details of the discretization approach and how it is used for

the thermal and filtration submodels. Figure 3.4a shows the rectangular 2D mesh

using four axial and four radial zones. It should be noted that the model assumes

symmetry about the SCR-F’s centerline and thus only one half of the SCR-F is

represented in the mesh. The properties of zones are not required to be uniform.

For example, outer zones include the properties of the SCR-F’s insulation and metal

housing. Another example is that catalyst loading can vary from zone to zone.

Figure 3.4b shows a single representative cell with its inlet and outlet channels, PM

cake and substrate wall. Figure 3.4c shows a single zone with quantities relevant to

the filtration portion of the model including the PM cake and the substrate wall which

is discretized into p slabs. From a di↵erential equation modeling perspective, the cake

has PM mass, seven concentration states NO, NO2, O2, HC (unburnt hydrocarbons),

NH3, CO and CO2 concentration states while the wall slabs each have a single PM

mass state, two stored NH3 states and the seven concentration states. Figure 3.4d

shows the three control volumes of a zone used for its thermal model. Each zone

has three temperature states: the inlet channel, the outlet channel, and a single

temperature for the PM cake and substrate wall.

In summary, each zone has four categories of states: three temperature states, (p+1)

PM states in the cake and the wall slabs, 2p NH3 storage states in the wall and 21+7p
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Figure 3.4: SCR-F model mesh - temperature and filtration

concentration states in the inlet and outlet channels, the PM cake and the substrate

wall. A total of 25+ 10p states, and the same number of di↵erential equations in the

NM zones are solved at each time step. For all the cases considered in this work,

the model ran about 50 times faster than real time with p = 4 and N = M = 10.

detailed description of the equations used for mesh development are in Appendix A.

3.3.2 Calculation of Physical Properties

The physical properties of the exhaust gas are calculated on classGas.m class of the

model. The following paragraphs describe the equations used for the calculation of

the di↵erent properties.

Density

The ideal gas equation was used to calculate the density of the exhaust gas at every
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time step as shown in Equation 3.1.

⇢exh,m =
Pm(MW )exh,m

R̄Tm
,m = 1, 2, w (3.1)

⇢exh,m is the density of exhaust gas, Pm is the absolute pressure, (MW )exh,m is the

molecular weight of exhaust gas, Tm is the temperature of the exhaust gas and m is

the index of the domain consisting of inlet channel, outlet channel and wall. R̄ is the

universal gas constant with a value of 8.314 kJ/kmol-K .

Molecular weight

The exhaust gas molecular density was calculated using Equation 3.2 using the mole

fractions of the dominant chemical species (CO2, O2, N2 and H2O) concentrations

in the exhaust gas mixture. n

(MW )exh,m =

nspX

i=1

(Yi)m(MW )i (3.2)

nsp is the number of chemical species used for calculation of exhaust gas molecular

weight. (Y )i is the mole fraction of the chemical species i in the exhaust gas mixture.

(MW )i is the molecular weight of individual species i. The molecular weight of species

used in this calculation are MWO2 = 15.9 kg/kmol, MWCO2 = 44.0 kg/kmol, MWN2

= 28.0 kg/kmol and MWH2O = 18.0 kg/kmol

Dynamic viscosity

The dynamic viscosity of the exhaust gas is computed as a function of the temperature

in the substrate wall Tw using Equation 3.3.

µexh = �1.3126E � 11 ⇤ T 2

w + 4.2194E � 08 ⇤ Tw + 1.7843E � 05 (3.3)

Specific heat

The specific heat of the exhaust gas (assumed as air) is computed as a function of

the temperature in the substrate wall Tw using Equation 3.4.
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cp,exh = 3.7835E � 05 ⇤ T 2

w + 2.0196E � 01 ⇤ Tw + 9.8135E + 02 (3.4)

Thermal Conductivity

The thermal conductivity of the filter (PM cake + substrate wall) is computed using

Equation 3.5 based on the thermal conductivity of PM and substrate wall. Since the

volume of the PM cake changes with time the thermal conductivity value is computed

after updating the PM cake thickness value at every time step.

kf =
Vw ⇤ ksub + VPM ⇤ kPM

Vw + VPM
(3.5)

kf is the conductivity of the filter (PM cake + Substrate wall). ksub and kPM are

conductivities of the substrate wall and PM cake. Vw and VPM are the volume of

substrate wall and PM cake.

Convection Heat Transfer Coe�cient

The convection heat transfer coe�cient of exhaust gas in each zone i, j is computed

using Equations 3.6.

hi,j =
Nui,j ⇤ kexh.

a�ṫsi
2

(3.6)

Nui,j i the Nusselt number (2.975) for square channels. kexh. is the thermal conduc-

tivity of the exhaust gas. a and ṫsi are channel width and PM cake thickness, Lt is

the length of axial discretization.

The conductivity of the exhaust gas is given by :

kexh =

nspX

i=1

Yi
ki
ei

(3.7)

where:

ki =
AiTBi

1 + Ci
T |Di

T 2

(3.8)

The coe�cients Ai, Bi, Ci and Di are used for individual chemical species in the

exhaust gas. These are described in detail in reference [37].
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3.3.3 Exhaust Gas Velocity

The velocity of exhaust gas in the inlet, outlet channels and the substrate wall is

computed using conservation of mass and momentum equations shown in Equations

3.9, 3.10, 3.11 and 3.12.

vsi,k =
ṁi,j

4⇢i,j
Nci
2
(a� 2.t̄si)Lt

(3.9)

vwi,j =
vsi,j(a� 2.t̄si)

a
(3.10)

v1|i,j = v1|j�1 �
4vsi,j

a� 2.t̄si
�Lj�1 (3.11)

v2|i,j = v2|j�1 �
4uw,i

a
�Lj�1 (3.12)

Where ṁi,j is the total exhaust mass flow rate into each zone. The density of exhaust

gas and number of cells in each zone are represented by ⇢i,j and Nci . v1, vsi,j ,vwi,j

and v2 are the exhaust gas velocity in the inlet channel, PM cake , substrate wall

and outlet channel respectively. The PM cake thickness is represented by t̄si, a is the

clean inlet/outlet channel width. �L is the length of axial discretization in each of

the domain.

The boundary conditions for this system are given by Equations 3.13, 3.14 and 3.15.

v1|i,j=0 =
ṁtotal,i,j

⇢i,j
Nci
2
(a� 2.t̄s,i)2

(3.13)

v1|i,j=L = 0 (3.14)

v2|i,j=0 = 0 (3.15)

Equation 3.13 is used to calculate the velocity of exhaust gas entering the inlet channel

in each radial zone based on thermodynamic conditions including absolute pressure,

temperature and density of the exhaust gas. The inlet channel velocity decreases as

a function of the distance with the velocity at the end of channel equal to zero given

by Equation 3.14. The exhuast gas velocity at the start of the inlet channel is zero

and increases as a function of length given by boundary condition in Equation 3.15.
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3.3.4 Temperature Sub Model

The assumed SCR-F inlet temperature distribution is a fully developed thermal

boundary layer as explained in Appendix B. In each zone, conservation of energy

is applied to three control volumes shown in Figure 3.4d, (1) the inlet channel, (2)

the outlet channel and (3) the substrate wall and PM cake also called filter , resulting

in Eq. 3.16 to 3.18 that are solved using the mesh the shown in Figure 3.5

X

Y

Inlet
Outlet

Metal Can
Insulation

End Stop

Inlet
ChannelOutlet

Channel

Filter

Figure 3.5: Schematic of temperature solver mesh for SCR-F/CPF model

⇢gcvV1

dT1

dt
|i,j = ⇢gcp(a� t̄s l)

2v1T1|i,j�1 � ⇢gcp(a� t̄s l)
2v1T1|i,j�

⇢gcp4a�LvwT1|i,j + Q̇1|i,j
(3.16)

(⇢cccVc + ⇢wcwVw)
dTf

dt
|i,j = ⇢gcp4a�Lvw(T1 � Tf )i,j|i,j + Q̇cond,axial|i,j + Q̇cond,radial|i,j+

Q̇conv|i,j + Q̇reac,SCR|i,j + Q̇reac,PM |i,j + Q̇cond,HC |i,j + Q̇amb|i,j
(3.17)

⇢gcvV2

dT2

dt
|i,j = ⇢gcpa

2v2T2|i,j�1 � ⇢gcpa
2v2T2|i,j+

⇢gcp4a�LvwTf |i,j + Q̇2|i,j
(3.18)
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The indices 1, 2, c, w and f are used to represent quantities such as temperature,

volume etc., in the inlet channel, the outlet channel, PM cake, substrate wall and PM

cake + substrate wall respectively. A zone’s three temperature states are denoted Ti

where i is 1, 2 or f .

⇢g, ⇢c and ⇢w represent the density of the exhaust gas, PM cake and substrate wall.

V1, V2, Vc and Vw represent the volume of inlet , outlet channel, PM cake and sub-

strate wall. The constant volume and constant pressure specific heat capacities of the

exhaust gas in the inlet, outlet channel are given by cv and cp. Specific heat of PM

cake and substrate wall in the filter are given by cc and cw.

a is the width of clean inlet/outlet channel and t̄si is the thickness of PM cake. �L is

the length of the axial division. The velocity of the exhaust gas in the inlet channel,

outlet channel and filter are given by v1, v2 and vw.

The right hand side terms of Equations 3.16 and 3.18 represent the heat capacity of

the exhaust gas in the inlet and outlet channels. The first terms on the right hand

side represent the change in enthalpy of the exhaust gas in the given zones inlet and

outlet channels. The last terms on the right hand side Q̇1 and Q̇2 represent the heat

transfer by convection from the exhaust gas in the inlet channel to the filter and the

filter to the outlet channel exhaust gas .

In Equation 3.17 the right hand side term represents the heat capacity of the system

and rate of temperature change. The first term of the right hand arises from the

conservation of enthalpy of the exhaust gas flowing through the filter. Q̇cond,axial

and Q̇cond,radial represent the conduction of heat in axial and radial direction through

the filter, insulation material and metal can at the SCR-F’s outer edges. The heat

transfer from the exhaust gas in the inlet channel to the filter and from the filter to

the exhaust gas in the outlet channel by convection is represented by Q̇conv. Q̇reac,SCR,

Q̇reac,PM and Q̇reac,HC represent the energy release by SCR reactions, PM oxidation

by NO2, O2 and HC oxidation. Heat loss to ambient by convection and radiation are

given by Q̇amb.

The Q̇amb term is only used for the outermost radial nodes of the SCR-F model.

In the remaining radial nodes this term is neglected. This term accounts for heat

loss to ambient by all three forms of heat transfer (conduction, convection and radi-

ation) through the insulation and metal can layers. The conduction term accounts

for influence of both the PM cake and substrate material by computing the thermal
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conductivity value based on weighted average of the substrate material and PM cake

thermal conductivities using their volumes. Detailed explanation of all the terms in

these equation is given in Appendix B.

The temperatures calculated using these equations are compared against the ther-

mocouple data from 20 thermocouples placed in the inlet and outlet channels of the

SCRF®. The first 10 thermocouples S1 - S10 are placed in the inlet channel and

remaining thermocouples S11 - S20 are placed in the outlet channel as shown in Fig-

ure 3.6. By simulating the thermocouple data these equations were able to capture

the temperature distribution in the SCRF® in radial and axial direction. A detailed

description of the calibration procedure for this sub model is given in the Chapter 4

of the dissertation.

Figure 3.6: Schematic of SCRF® thermocouple arrangement [4]

3.3.5 Species Model

The exhaust gas flowing through the SCR-F is modeled as consisting of NO, NO2,

NH3, HC, O2, N2, H2O, CO and CO2 chemical species. The change in concentration

of these chemical species as the exhaust gas flows in the inlet, outlet channels, PM
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cake and substrate wall layers is computed using the chemical species model. The

reactions in the PM cake and substrate wall layers include oxidation of CO, NO, NH3

and HC, PM oxidation by NO2 and O2 and SCR reactions including fast, slow and

standard reactions.

The coupled system of equations 3.19 to 3.21 are based on reaction - di↵usion trans-

port phenomena scheme are used to determine the concentrations in the inlet channel,

the outlet channel and the filter (PM cake + substrate wall) in each zone.

dC1,l

dt
= �v1

dC1,l

dx
+

✓
4

a

◆
k1 (C1s,l � C1,l) +

✓
4

a

◆
vfC1,l (3.19)

dCw,l

dt
= �vw

dCw,l

dy
+

d

dy

✓
Dl

dCw,l

dy

◆
�
X

k

⇠l,mRm (3.20)

dC2,l

dt
= �v2

dC2,l

dx
+

✓
4

a

◆
k2 (C2,l � C2s,l) +

✓
4

a

◆
vfC2s,l (3.21)

l and m represent the indices of the chemical species and reactions. The inlet and

outlet channel are represented by indices 1 and 2. The PM cake and substrate wall

domains are combined into a single control volume called the filter and is represented

by the index f, but in the species model the PM cake and slabs in the wall are

treated as separate domains such that each domain has its own concentration and

NH3 storage states while the physical properties used to compute the reaction rates

such as temperature and exhaust velocity are the same for all the domains.

The concentration of chemical species l in the inlet, outlet channel and filter are given

by C1,l, C2,l and Cf,l. The species concentrations at the boundary of the inlet channel

- filter and filter - outlet channel are given by C1s,l and C2s,l. The exhaust velocity

in the inlet, the outlet channel and the filter is given by v1, v2 and vf . The mass

transfer coe�cients based on the molecular di↵usivity for species l in the inlet and

the outlet channel are k1 and k2. a is the width of the clean inlet and outlet channel.

The length of the discretizations of the filter in the given zone in the axial and the

radial directions are given by �x and �y. The di↵usivity of species l is given by Dl.

⇠l,m is the stoichiometric coe�cient of species l in reaction m. Rm is the reaction rate

of the reaction m. The number of reactions that species l participates in is given by

index k discretization.
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The physical representation of a single representative cell in a radial location of SCR-

F is shown in Figure 3.7. This cell consists of the inlet channel, the outlet channel,

the PM cake and the substrate wall. The PM cake layer thickness wp in each zone of

this cell is calculated by dividing the PM mass mc in a zone by the total number of

cells in the given zone followed by 4 to account for PM in one side of the inlet cell.

The PM in each of the substrate wall slabs is calculated with the same approach as

the PM cake. The substrate wall thickness ws is considered in the representative cell.

The mesh from Figure 3.7 is used for all the species concentration calculations using

equations 3.19 to 3.21 in all the three control volumes. The concentrations of species

are calculated for the PM cake and each of the wall slabs as shown in the Figure.

Exhaust Gas
(Inlet Channel)

Substrate wall
with catalyst

Reactions
NO2 assisted and O2

PM oxidation in a
HC,CO and NO/NO2

Standard SCR, fast
slow SCR and NH3 oxid

Species being
tracked

NO,NO2,O2

HC,CO,CO2,NH3

Species being
tracked

NO,NO2,O2

Exhaust Gas
(Outlet Channel)

Y

X

L

wp

wp

ws

ws

a

Outlet
(⇢2v2)

Inlet
(⇢1v1)

Exhaust through PM cake + wall
(⇢wvw)

Inlet Channel

End Stop

PM cake + Wall

PMwall,1

PMwall,2

PMwall,3

PMwall,4

✓1,1, ✓2,1

✓1,2, ✓2,2

✓1,3, ✓2,3

✓1,4, ✓2,4

Mass Transfer
by di↵usion

PMcake

Mass Transfer
by convection Cake - wall Interface

Cake

Outlet Channel

Figure 3.7: Schematic of cake and wall filtration and PM oxidation
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The figure shows the schematic of the cake and the substrate wall. The exhaust gas

passes through the inlet channel into the PM cake followed by the porous substrate

wall which is divided into p number of slabs where the ammonia is stored in two

storage sites in each of the slabs. After passing through the wall, the exhaust gas

flows into the outlet channel and to the outlet of the SCR-F. The resultant outlet

concentrations from each of the representative cells from each radial location are then

volume averaged to obtain the SCR-F outlet concentrations of the chemical species.

The ammonia storage takes place in two storage sites. The first storage site is used

for both storage and SCR reactions. The second storage site is used for storage only.

Equations 3.22 and 3.23 are used to compute the ammonia storage rate in both the

storage sites. An Arrhenius approach was used for calculating the rate constants of

the reactions.

d✓1
dt

=
(R

ads
�Rdes � 4Rstd � 4Rfst � 4Rslo � 4Roxid)

⌦1

(3.22)

d✓2
dt

=
(R

ads
�Rdes)

⌦2

(3.23)

Figure 3.8 shows the approach used for the ammonia storage and the SCR reactions

in the SCR-F model. The exhaust gas flows through the pores in the substrate wall.

As the exhaust gas comes in contact with the catalyst surface coated on the substrate,

the NH3 molecules attach to the active sites which then react with NO and NO2 to

undergo the SCR reactions. In the case of the clean filter, the unit collector diameter

computed in the Filtration sub model is �w which increases to �s in the filter with

PM loading. This increase in the unit collector diameter leads to a reduction in the

mass transfer from the gas stream to the catalyst surface leading to an inhibition

of the SCR reactions which is simulated in the model using the e↵ectiveness factor

concept from reference [6]. Detailed explanation of all the reactions is in Appendix

E. Table 3.1 shows all the reactions used in the species model.
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Figure 3.8: NH3 storage inside substrate wall for the SCR-F model

Table 3.1
Reactions in the SCR-F model

Description Reaction Rate equation Units of k
O2 based PM oxidation RO2,oxid

= KO2 , CO2 gmol/m3.s
NO2 based PM oxidation RNO2,oxid = KNO2CO2 gmol/m3.s
HC oxidation RHC = kHCCHC

1

G1
gmol/m3.s

CO oxidation RCO = kCOCCO
1

G2
gmol/m3.s

NO oxidation (Reversible) RNO = kCO
1

G3
(cNO � CNO2

kc
) gmol/m3.s

NH3 adsorption Rads = KadsCNH3,s(1� ✓1)⌦1 m3/gmol.s
NH3 desorption Rdes = Kdes(✓1)⌦1 1/s
NH3 adsorption 2 Rads,2 = Kads,2CNH3,s(1� ✓2)⌦2 m3/gmol.s
NH3 desorption 2 Rdes,2 = Kdes,2(✓2)⌦2 1/s
NH3 oxidation Roxid,1 = Koxid,1,NH3(✓1)⌦1⌘o2 1/s
Standard SCR Rstd,1 = Kstd,1CNO,s(✓1)⌦1 m3/gmol.s
Fast SCR Rfst = KfstCNO,sCNO2,s(✓1)⌦1 m3/gmol.s
Slow SCR Rslo = KsloCNO2,s(✓1)⌦1 m3/gmols
N2O formation RN2O = KN2OCNO2,s(✓1)⌦1 m3/gmol.s

48



www.manaraa.com

DRAFT

The general form of the e↵ectiveness factor is shown in Eq 3.24 and 3.25 as described

in reference [7]. Detailed derivation of e↵ectivness factor equation is in Appendix C.

kactual = kideal⌘s (3.24)

⌘s =

p
Deffkidealtanh(�w)

(�s � �w)
p
Deffkidesltanh(�w) +Deff

(3.25)

Where, kactual is the actual rate constant after taking into account the inhibition

caused by wall PM. kideal is the rate constant from Arrhenius equation and ⌘s is the

e↵ectivness fraction. Deff is the molecular di↵usivity and �w is the Thiele Modulus

defined as the ratio of di↵usion and reaction in the washcoat layer. The model

has the ability to simulate SCR reaction rates based on the spatial distribution of

the catalyst in the substrate wall in order to simulate the axial variation in SCR

reaction rate and energy release. The capability is used to simulate the temperature

distribution during NOx reduction.

3.3.6 PM Mass Retained Model

The PM mass is deposited in the PM cake layer and slabs present in the substrate

wall. The amount of PM deposited in each layer is calculated using the inlet PM

concentration, exhaust flow rate and filtration e�ciency of the layer computed by the

filtration e�ciency model. The deposited PM is oxidized by passive oxidation and

thermal oxidation reactions. The resultant PM retained in the PM cake and substrate

wall layers is tracked by the model as a function of time as PM cake and wall PM

states.

PM mass balance

The mass balance used to track the PM mass in PM cake and substrate wall is given

by equation 3.26

Each zone’s cake oxidizes both thermally (O2) and by NO2 given by Eq. 3.28 . Figure

3.9 shows the schematic from the PM cake and substrate wall layers used for PM

mass balance.

ṁin = ṁret + ṁox + ṁout (3.26)
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min

⌘cakemin

mslab1 = (1 � ⌘cake)min
⌘slab1mslab1

mslabP = (1 � ⌘slabP�1)mslabP�1

⌘slabPmslabP

mout = (1 � ⌘slabP )mslabP

1

2

P

.

.

.

Figure 3.9: PM mass balance in SCR-F

The flow rate of the PM into the axial node of a representative cell in each zone of

the SCR-F is given by Equation 3.27.

ṁin,i,j =
CinQstd,i,j

ncells

vw(x)

v̄w
(3.27)

Where Cin is the concentration of the PM in kg
std.m3 flowing into the SCR-F. Qstd is

the standard volumetric flow rate of the exhaust into the SCR-F. ncells is the number

of cells in each zone used to find the flow into each representative cell in each radial

location. vw(x) and v̄w are the local exhaust gas velocity at axial location and average

exhaust gas wall velocity used to determine the PM deposited in each axial location.

PM oxidation rate

The rate of PM oxidation in the PM cake is calculated using Equation 3.28

d(mcoxid,i,j)

dt
= �

sp⇢i,jYO2,i,jko2 i,jWc

↵o2Wo2⇢s
mci,j �

sp⇢i,jYNO2,i,jkNo2 i,jWc

↵No2WNo2⇢s
mci,j (3.28)
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Where, mc is the cake mass and ṁc,oxid is the PM cake oxidation rate. The molecular

weight of carbon, the cake’s specific surface area and the PM cake density are denoted

by Wc, sp and ⇢s respectively. The cake O2 and NO2 concentrations are denoted by

CO2 and CNO2 . The thermal and NO2 assisted PM oxidation rate constants are of

the Arrhenius form of equation 3.29 and denoted by ko2 and kNO2 where Ai is its pre

exponential constant and Ei is the activation energy, R is the universal gas constant,

and Tf is the filter temperature. The reactions partial factors are denoted ↵O2 and

↵NO2

ki = Aie
�Ei
RTf i = O2, NO2 (3.29)

where km is the rate constant of reaction m. Am and Em pre exponential and ac-

tivation energy of reaction m, R is the universal gas constant and Tf is the filter

temperature. Similarly, the PM mass oxidation in each wall slab is given by Eq. 3.30.

�
d(mwoxid,i,j)

dt

⌫

n

=

�
�
sp⇢i,jYO2,i,jko2 i,jWc

↵o2Wo2⇢s
mwi,j �

sp⇢i,jYNO2,i,jkNo2 i,jWc

↵No2WNo2⇢s
mwi,j

⌫

n
(3.30)

where km is the rate constant of reaction m. Am and Em pre exponential and ac-

tivation energy of reaction m, R is the universal gas constant and Tf is the filter

temperature. Similarly, the PM mass oxidation in each wall slab is given by Eq. 3.30

PM mass retained

The rate of PM mass retained in the PM cake and substrate wall slabs is computed

using the PM deposited and PM oxidation rate by using Equations 3.31 and 3.32

d(mcret,i,j)

dt
=

d(mcoxid,i,j)

dt
+ ṁcake,in,i,j (3.31)

�
d(mwret,i,j)

dt

⌫

n

=

�
d(mwoxid,i,j)

dt

⌫

n

+ ṁwall,n,in,i,j (3.32)

Where mcret,i,j is the PM mass retained in the PM cake and mwret,i,j is the PM mass

retained in each of the n substrate wall slabs. ṁcake,in,i,j and ṁwall,n,in,i,j is the rate

51



www.manaraa.com

DRAFT

of PM deposited in the PM cake and substrate wall slab. In Equations 3.31 and 3.32

the rate of PM mass retained is computed as the summation of the PM oxidation

rate and PM deposition rate.This rate is supplied to the ode solver that integrates

over time to compute the PM mass retained at every time step.

3.3.7 Filtration Model

PM filtration takes place in the cake and the substrate wall. Where ṁin is the PM

mass flow rate into the cake and ṁout is the PM mass flow rate out of the substrate

wall shown in Figure 3.4c The filtration e�ciency is calculated based on the packed

bed filtration theory [35] and implemented using the approach described in references

[37] and [50]. The equations are summarized in Appendix D, with a brief review of

the filtration e�ciency provided here.

Each wall slab contains a representative spherical collector with diameter �w which

grows to a diameter �s as PM accumulates until reaching a specified maximum. When

the first slab’s collector reaches its maximum diameter, cake growth begins along with

continued accumulation in the remaining wall slabs.

The total filtration e�ciency in a zone is given by Eq. 3.33

⌘totali,j = 1�
"
(1� ⌘cakei,j)

PY

n=1

(1� ⌘walli,j n)

#
(3.33)

where, ⌘cake is the PM cake layer filtration e�ciency and ⌘walln is the filtration e�-

ciency of each wall slab calculated using Equations 3.34 and 3.35.

⌘cake,i,j = A⌘

✓
1� e

�
3⌘coll,cake(1�✏p)wp

2✏pdc,cake

◆
(3.34)

⌘wall,i,jn = 1� e
�

3⌘coll,wall(1�✏s)�y

2✏sdc,wall (3.35)
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The detailed expressions for the terms used in Equations 3.33, 3.34 and 3.35 are

included in Appendix D and references [50][37].

3.3.8 Pressure Drop Model

PM initially accumulates in the substrate wall followed by the formation of the PM

cake. A zone’s inlet-to-outlet pressure drop changes depending on the amount of PM

in these domains. The total pressure drop in the zone is the sum of the pressure drops

due to the substrate wall, PM cake layer and the frictional losses in the inlet and outlet

channels. The pressure drop across each radial section of the SCR-F considering wall,

cake and channel pressure is calculated using the streamlines approach explained in

Appendix D. Using the streamlines approach, the pressure drop across each radial

section of the SCR-F is given by Eq. 3.36

�P SCR�F = �Pwall +�P cake +�P channel (3.36)

Where, P1|x=0 and P2|x=L are the absolute pressure values at the inlet and outlet

of the representative cell in the inlet and the outlet channel respectively calculated

using Equations 3.37 and 3.38 from reference [37].

dP1

dx
= � d

dx
(⇢1v

2

1
)� F

µ1v1
a2

(3.37)

dP2

dx
= � d

dx
(⇢2v

2

2
)� F

µ2v2
a2

✓
a⇤

a

◆2

(3.38)

Figure 3.10 shows the streamline approach used for the pressure drop model. Equa-

tions 3.37 and 3.38 are used in the channels with each of the n possible combinations

of inlet and outlet channel divisions shown in the figure to determine the pressure

drop across the SCR-F and the average of these stream lines is used as total pressure

drop across the SCR-F.
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Figure 3.10: Schematic of the streamlines (shown a dashed lines) used for
calculating the pressure drop across CPF/SCR-F for 3x1 zone model (4

axial and 1 radial discretization).

The wall pressure drop at each zone is given by Eq. 3.39

�Pwalli,j = µi,jvwi,j

ws

kwalli,j
(3.39)

Where,�pwall is the wall pressure drop, vw is the wall layer velocity, ws is the substrate

wall thickness and kwall is the wall permeability. The cake pressure drop is given by

Eq. 3.40

�P cakei,j = µi,jvsi,j
wpi,j

kcakei,j
(3.40)

where, �Pcake is the PM cake pressure drop, vs is the PM cake layer velocity, wp is the

PM cake layer thickness and kcake is the PM cake layer permeability. The permeability

of the wall and the PM cake layer are a↵ected by the PM loading, oxidation and post

loading of the SCR-F and are changing continuously. The equations used for the

estimation of wall and PM cake permeability during loading, oxidation and post

loading phases of the experiment are detailed in Appendix D.

�P SCR�F,i = [P1|x=0 � P2|x=L]i (3.41)

The total pressure drop across the SCR-F accounting for all radial zones is given by

Eq. 3.42

�P SCR�F =

P
smax

s1

Pi=M
i=1

VFi�P SCR-F,i

smax
(3.42)
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where, �PSCR�F,vol.avg. is the volume averaged pressure drop across the SCR-F, M is

the number of radial discretizations, vf,i is the volume fraction of exhaust gas flow

at each radial section and smax is the number of ways of obtaining the absolute

pressure at the inlet of the inlet channel P1|i,j+1 at each radial section of the filter.

The detailed expressions of the terms in the pressure drop model from reference [50]

are documented in reference Appendix D.
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Chapter 4

Experimental Data and Model
Calibration Procedure 1

The experimental data used to calibrate the SCR-F model was collected on a Cum-

mins 2013 ISB (280 hp) engine with after treatment system components consisting of

the production DOC, CPF, SCR and a SCRF® from Johnson Matthey and Corning.

The specifications of the after treatment system components used in the experiments

are shown in Table 4.1. The chemical species concentrations of NO and NO2 were

measured with mass spectrometer with an accuracy of +/- 20 ppm. The NH3 outlet

concentration was measured with NH3 sensor with an accuracy of +/- 25 ppm. The

PM mass retained was measured by weighing the SCRF® at end of each stage with

an accuracy of +/- 2 g [4].

The experimental data were collected on two aftertreatment configurations using

the SCRF®. The first configuration (Configuration 1) consisted of passive oxida-

tion experiments with and without urea injection in which the system consisted of

DOC+SCRF®. In this dataset the SCRF ® was loaded with PM up to 2 g/l loading

followed by PM passive oxidation (PO) of up to 70 % for 7 test experiments with

the first set of 7 experiments consisting of no urea injection during PM oxidation and

the second set of 7 experiments consisting of urea injection at a target inlet ANR

= 1.0 during the PM oxidation. This set of fourteen experiments will be referred to

as configuration 1 data with and without urea injection and are described in detail

in reference [4]. Active regeneration experiments (AR) were also conducted without

1Parts of this chapter are from reference [49]
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Table 4.1
Aftertreatment system specification [4]

Description DOC SCRF® SCR CPF
Substrate Material Cordierite Cordierite Cordierite Cordierite
Diameter (inch) 9 10.5 10.5 9
Length (inch) 4 12 12 10
Cell Geometry Square Square Square Square
Total Volume (L) 4.17 17.04 17.04 10.40
Open Volume (L) 3.5 10.2 14.4 7.3
Cell Density /in2 400 200 400 200
Cell Width (mil) 46 55 46 59
Channel Wall Thickness (mil) 4 16 4 12
Porosity (%) 35 50 35 59
Number of in cells 25447 8659 34636 6362

urea injection to determine the O2 based PM oxidation kinetics.

The second configuration (Configuration 2) consisted of 12 experiments performed at

four test points with and without PM loading. In this dataset, four test points were

used with a NOx reduction cycle consisting of inlet ANR values of 0.8, 1, 1.2 followed

by 0 and repeat of 1.2. The first 4 experiments in this dataset were performed on a

system consisting of DOC+CPF+SCRF® system where the CPF was used to remove

all the PM upstream of SCRF® in order to perform NOx reduction experiments

without any PM loading (0 g/l) in the SCRF®. The remaining 8 experiments in the

dataset were performed with a system consisting of DOC+SCRF® where the CPF

was replaced by a spacer and the NOx reduction experiments were performed with

2 and 4 g/l PM loading in the SCRF®. These 12 experiments will be referred to

as configuration 2 data with and without PM loading. The configuration 2 data are

described in detail in reference [5]. Both of these datasets were used to calibrate the

2D SCR-F model.

A third configuration (Configuration 3) consisting of a SCRF® with a downstream

SCR was used to determine the NOx conversion e�ciency of the SCRF®+SCR

system. This configuration consisted of seven test points consisting of six test points

from configuration 1 and one test point from configuration 1. In all the experiments,

a target inlet ANR of 1.1 was used. The NH3 slip from the SCRF® was used as

the inlet NH3 for the SCR and outlet NOx acted as inlet NOx for the downstream

SCR. The 37 experiments from these 3 configurations will be described in detail in

the following sections.
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4.1 SCRF® Configuration 1 Data PO With and

Without Urea

The Configuration 1 data with the SCRF ® consists of seven passive oxidation and

four active regeneration experiments with and without urea injection. The aim of the

passive oxidation experiments without urea injection was to calibrate the pressure

drop and filtration characteristics of the SCRF ® during loading and to determine

the PM oxidation kinetics in the absence of the SCR reactions. Figure 4.1 shows

the experimental setup used for configuration 1 experiments with and without urea

injection.

Engine DOC

Decomposition Tube

Urea Injector

Mixer

Exhuast Out

Spacer

SCRF R� Spacer

Figure 4.1: Configuration 1 with and without PM loading

For the experiments without urea injection the SCRF® is loaded up to 2 g/l PM fol-

lowed by the passive oxidation stage in which up to 70% of PM is oxidized followed by

post loading stages. For experiments with urea injection during the passive oxidation

stage, a target ANR of 1.0 is maintained by urea injection to enable NOx reduction

during passive oxidation. Figure 4.2 shows the pressure drop and the various stages

of the passive oxidation experiments with and without urea injection. The active re-

generation experiments were conducted in the same manner but fuel is injected after

a ramp up after Stage 2, so that the PM is oxidized at temperatures from 550 - 600
oC
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PORUS1 S2 S3 S4

(a) Without urea Test C

S1 S2 S3 S4RU PO

(b) With urea Test C

Figure 4.2: Pressure drop for passive oxidation experiments configuration
1 without and with urea stages S1 - Stage 1, S2 - Stage 2, RU - Ramp up,
PO - Passive oxidation, S3 - Stage 3, S4 - Stage 4
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The SCRF ® is loaded with PM in stages 1 and 2 to 2 g/l. These stages are used to

calibrate the pressure drop, filtration and PM oxidation kinetics during loading. At

the end of Stage 1 and 2 loading, the filter was weighed to determine the PM mass

retained. After stage 2, the engine was run for 15 minutes at the loading condition till

the system is stabilized in the ramp up stage followed by a change in engine condition

to the passive oxidation (PO) phase of the experiment. During the passive oxidation

condition, the PM oxidation kinetics and cake permeability parameters are calibrated.

The PO stage is followed by stage 3 and stage 4 loading which were used to study the

post oxidation characteristics of the SCRF ®. Table 4.2 shows the engine conditions

used for the passive oxidation experiments without urea injection.

The stage 1, 2 and ramp up as well as stages 3 and 4 for Configuration 1 with urea

remain the same as the experiments without urea injection. During passive oxidation,

urea is injected with a target ANR = 1. The addition of urea injection leads to a

reduction of NOx due to the SCR reactions which in turn leads to reduction in the

amount of NO2 available for passive oxidation of PM due to forward di↵usion between

the PM cake and the substrate wall. The resultant reduction in PM oxidation rate

and di↵usivity of NOx is calibrated using these datasets. Table 4.3 shows the con-

ditions used for the passive oxidation experiments with urea injection. The detailed

description of these experiments is given in reference [4]

Table 4.2
Passive oxidation SCRF ® inlet conditions for PO experiments without

urea in configuration 1 [4]

Test Name Temperature [C] NO2

[ppm]
NO
[ppm]

NOX

[ppm]
A 276 263 252 515
B 273 674 1053 1727
B Rpt. 281 792 823 1615
C 347 228 321 549
D 377 117 303 421
D Rpt. 374 147 236 383
E 347 523 803 1326
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Table 4.3
Passive oxidation conditions for PO experiments with urea in configuration

1 [4]

Test Name Temperature NO2 NO NOX ANR Space
Velocity

[oC] [ppm] [ppm] [ppm] [-] [k/hr]
A 274 304 286 590 1.03 15.5
B 284 821 789 1610 1.01 10.6
B Rpt. 284 758 822 1580 1.10 10.6
C 349 301 387 689 0.89 19.7
D 373 171 279 450 1.01 36.0
D Rpt. 371 191 306 497 0.99 36.0
E 360 653 798 1451 1.01 20.1

4.2 SCRF® Configuration 1 AR Data

The four active regeneration experiments were used to find the thermal characteristics

of the SCRF ® as well as PM kinetics of thermal PM oxidation and HC oxidation

reactions. Figure 4.3 shows the pressure drop and the stages in the active regeneration

experiment.

Figure 4.3: Active regeneration experiment without urea [4]

Stages 1, 2, ramp up, 3 and 4 used for loading the filter remain the same as the
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passive oxidation experiment. At end of ramp up, the engine operating conditions

are changed to active regeneration condition as shown in Table 4.4 and run for 2

minutes to stabilize the system followed by injection of diesel fuel to reach the desired

exhaust gas temperature. The active regeneration stage is used to find the thermal

PM oxidation and HC oxidation kinetics as well as to calibrate the temperature

distribution inside the filter which is a function of heat loss to the ambient as well as

energy release by the chemical reactions.

Table 4.4
Active regeneration conditions for AR experiments in configuration 1

without urea injection [4]

Test Condition SCRF ® Space
Velocity

SCRF ® Inlet
Temperature

NO2 into SCRF
®

[-] [k/hr] [C] [ppm]
AR-1 38.6 504 5
AR-2 38.7 547 10
AR-3 38.8 590 20
AR-2 Repeat 38.7 496 10

4.3 SCRF® Configuration 2 Data With and With-

out PM Loading

The configuration 2 consists of 4 test points with 0, 2 and 4 g/l PM loading. The

4 experiments with 0 g/l PM loading were used to calibrate the SCR kinetics and

NH3 storage characteristics of the SCRF ®. The 8 experiments with 2 and 4 g/l PM

loading are used to simulate the inhibition e↵ect of PM in the substrate wall on the

SCR reaction rate. Figures 4.4 and 4.5 show the configuration 2 without and with

PM loading. In the experimental setup without PM loading, the CPF upstream of

the SCRF® is used to remove the PM from exhaust gas stream which is then passed

through the clean SCRF® in order evaluate the NOx conversion performance and

SCR kinetics of the clean SCRF®. In the experiments with PM loading the CPF

is replaced with a spacer. The exhaust gas consisting of PM flows into the SCRF®
where it gets deposited and oxidized along with NOx reduction during urea injection.
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Engine DOC

Decomposition Tube

Urea Injector

Mixer

Exhuast Out

SCRF R� Spacer

CPF

Figure 4.4: Configuration 2 without PM loading

Engine DOC

Decomposition Tube

Urea Injector

Mixer

Exhuast Out

SCRF R� Spacer

Spacer

Figure 4.5: Configuration 2 with PM loading

Figure 4.6 shows pressure drop and the experimental stages used in the configuration

2 experiments with and without PM loading. A urea dosing cycle is used as shown

in the Figure 4.6 with ANR values of 0.8, 1 and 1.2 followed by 0 and repeat of 1.2

for all the experiments. In the case with PM loading, the NOx reduction stage is

preceded by a PM loading stage as shown in Figure 4.6 where the SCRF ® is loaded
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with PM from time t = 0 to 5.5 hrs. Table 4.5 shows the engine conditions used

for the twelve experiments in the configuration 2. Four test points were used with

PM loading values of 0, 2 and 4 g/l in the SCRF®. A detailed description of these

experiments is given in reference [5].

S1 S2 NOx reduction

Urea dosing
cycle�P SCRF R�

RU

Figure 4.6: Configuration 2 experiment Test 1 with 2 g/l PM loading[5]
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Table 4.5
Configuration 2 with and without PM engine and exhaust conditions [5]

Parameter PM Loading (g/l)
Test Name

1 3 6 8

Speed [RPM]
0 1199 2200 1202 2401
2 1200 2201 1200 2398
4 1200 2203 1200 2401

Load [Nm]
0 201 330 580 826
2 208 329 588 820
4 203 331 587 818

Exhaust Flow
[kg/min]

0 5.0 10.7 6.9 17.0
2 5.0 9.9 6.8 17.6
4 5.0 10.9 6.8 17.7

Upstream
NO2/NOx

0 0.38 0.43 0.46 0.25
2 0.34 0.45 0.47 0.23
4 0.26 0.42 0.43 0.22

Engine Out PM
[mg/scm]

0 N/A N/A N/A N/A
2 2.14 4.30 3.59 7.39
4 1.97 4.93 2.85 4.97

SCRF ® Inlet
Temperature
[oC]

0 218 304 345 443
2 206 305 340 438
4 207 302 343 446

SCRF ® Std.
Space Vel.
[k/hr]

0 13.7 29.1 18.8 46.3
2 13.7 27.0 18.6 48.0
4 13.5 29.8 18.6 48.2

SCRF ® Inlet
NO [ppm]

0 345 158 795 411
2 403 161 844 424
4 452 198 793 415

SCRF ® Inlet
NO2 [ppm]

0 213 121 674 140
2 203 131 744 125
4 141 143 588 115

4.4 SCRF® Configuration 3 Data

Configuration 3 was used to determine the impact of a downstream SCR on NOx

conversion performance of a SCRF®+SCR system. The schematic of the setup used

for collecting these data is shown in Figure 4.7 consisting of the DOC+SCRF®+SCR.

Figure 4.8 shows the pressure drop and stages of configuration 3 experiments. The
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Engine DOC

SCR � A

Decomposition Tube

Urea Injector

Mixer

Exhuast Out

Spacer

SCRF R�

Figure 4.7: Configuration 3 test setup

test procedure consisted of SCRF® clean out, PM loading at engine condition 2400

rpm, 200 Nm designated as stage 1 and 2. This was followed by ramp up stage at

the same engine condition as stage in order to bring the temperature of the substrate

to the same value as stage 2 after weighing the filter. This was followed by passive

oxidation condition that was carried out at one of the six test point engine conditions

used for the dataset as shown in Table 4.6. Passive oxidation is followed by stage

3 and 4 with the same engine condition as stage 2. During the passive oxidation

condition, the urea was dosed into the exhaust with a target ANR range of 1.02 -1.13

which was determined for each engine condition based on SCRF® inlet NOx. The

detailed procedure of the experiments is described in references [51] . The NO, NO2

and NH3 concentrations were measured at UDOC, DDOC, USCRF, DSCRF, USCR

and DSCR. Table 4.6 shows all the engine conditions used in the configuration 3

experiments.
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Figure 4.8: Pressure drop for Configuration 3 test cycle PO-C

Table 4.6
Configuration 3 engine and exhaust conditions [5]

Test Exhaust Flow Inlet Temperature Inlet NOx Inlet NO2

[-] [kg/min] [C] [ppm] [ppm]
A 5.6 267 590 215
C 6.9 339 689 290
E 7.1 342 1450 584
B 3.7 256 1580 758
D 12.5 366 450 161
1 5.2 203 625 182
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4.5 Experimental Data Uncertainties

4.5.1 Exhaust Mass Flow Rate

The exhaust mass flow rate is calculated as sum of the air and fuel flow rates which

is then used as input for the SCR-F model. The air flow rate was measured using

pressure drop in an Meriam Instruments Laminar Flow Element (LFE). The standard

air flow rate measured with pressure transducer was converted to mass flow rate using

density of air at standard conditions (20 oC and 1 atm pressure). The fuel flow

rate was measured with a Micro Motion Coriolis Meter. The air flow rate based on

specifications of the instruments in Table 4.7 had an accuracy of +/- 0.15 %.

Table 4.7
Coriolis meter specifications [5]

Manufacturer Micro Motion
Model CMFS015M319N2BAECZZ
Measurements Flowrate Density Temperature
Units [%] [kg/m3] [oC]
Accuracy +/- 0.10 +/- 0.5 +/- 1.0
Repeatability +/- 0.05 +/- 0.2 +/- 0.2

4.5.2 Temperature

The exhaust gas temperature inside the SCR-F was measured in axial and radial

direction using Omega K-type thermocouples. These thermocouples were placed in

the inlet and outlet channels to obtain the required measurements. The specifications

of the thermocouples is given in Table 4.8.

The sensor data was used as SCR-F model input to compare experimental and model

data. Based on thermocouple specification the experimental thermocouple data was

found to have an accuracy of +/- 5oC.
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Table 4.8
Active regeneration Specifications of the thermocouples used in the

aftertreatment system [5]

Manufacturer Type Diameter Length Accuracy Location
[-] [-] [in.] [in.] [%] [-]
Omega K 0.020 12 2.2 C CPF
Omega K 0.020 16 2.2 C CPF
Omega K 0.020 12 2.2 C SCRF®
Omega K 0.020 16 2.2 C SCRF®
Omega K 0.125 6 2.2 C Exhaust,

Air Intake,
Coolant

4.5.3 Pressure Drop

The pressure drop across the SCRF® was measured continuously using di↵erential

pressure transducers. Absolute pressure transducer was used to measure barometric

pressure in the test cell. Specification of these sensors is given in Table 4.9. Based on

these specification the experimental data used to compare against experimental data

was found to be accurate to within +/- 0.1%. FS indicates full scale reading.

Table 4.9
Active regeneration conditions for AR experiments in Specifications of

pressure transducers [5]

Parameters Barometric
Pressure

LFE SCRF®

Sensor Make Omega Engi-
neering

Omega Engi-
neering

Omega Engi-
neering

Model Number PX419-
26B5V

PX429-
10DWU-10V

PX429-
5DWU-10V

Type Absolute Di↵erential Di↵erential
Range 26.00-32.00 0-10 0-5
Units in. Hg in. H2O PSID
Accuracy, Lin-
earity, Hystere-
sis

0.08% FS 0.08% FS 0.08% FS

Output Voltage 0-5 Vdc 0-10 Vdc 0-10 Vdc
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4.5.4 Gaseous Emissions

An airsense ion molecule reaction mass spectrometer (IMR-MS) was sued to measure

NO, NO2 and NH3 concentration at SCR-F inlet and outlet. Specification of the MS

are given in Table 4.10

Table 4.10
Specifications of IMR-MS and calibration gases [5]

Components Detection
level at
100ms

Monitoring
Mass

Ionization
Gas

Span
Gas

Span
gas
conc.

Accuracy

[-] [ppb] [amu] [-] [-] [ppm] [%]
NO 100 30 Mercury NO, N2 797 +/-1
NO2 50 46 Mercury NO2,

Air
495 +/-2

NH3 120 17 Mercury NH3, N2 103.8 +/-2

The exhaust gas was sampled through stainless steel lines heated to 190 oC for emis-

sions measurement into MS. The lines were heated to avoid condensation of water

vapor and adsorption of NH3 onto the sample lines.

Two UniNOx sensors were used upstream of and downstream of SCR-F for NOx

measurements. These sensors were made by Continental. A prototype NH3 sensor by

Delphi was installed downstream of SCR-F/SCR to measure NH3 slip. Specification

of these sensor in given in Table 4.11. Based on specifications of MS and sensors the

NO, NO2 and NH3 measurements were found to be accurate to within +/- 20 ppm.

Table 4.11
Specification NOx and NH3 sensor on production aftertreatment system [5]

Component Range Resolution Accuracy Voltage
Range

Operating Tem-
perature

[-] [-] [ms] [%] [V] [oC]
NOx Sensor 0-1500

ppm
0.1 ppm +/- 10 12-32 100-800

NH3 Sensor 0-1500
ppm

0.1 ppm +/- 10 13.5-32 200-500

� Sensor, O2

(linear)
12-21% 0.10% +/-0.3 -

+/-1.4
24 100-800
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4.5.5 Particulate Matter concentration and mass retained

The PM concentration was measured using hot sampling technique on glass fibre

filter. Exhaust gas was passed on the glass fibre filter using manual sampling train.

The pre and post sampling weights of the filter were used for measuring the PM

concentration with an error of +/- 0.5 % which resulted in model output uncertainty

of +/- 1%.

The PM mass retained was measured using a weight balance. The experiment was run

in stages at the end of each stage the filter was removed from the system and weighed.

The di↵erence in weights corresponds to PM mass retained change during both PM

loading and PM oxidation stages. The accuracy of the scale used is +/- 1g however

for the model additional uncertainty in terms of PM oxidation which is a function of

NO2 inlet concentration is present leading to e↵ective model uncertainty of +/- 2gm.

Table 4.12 gives the specifications of the weight scale used for measurement.

Table 4.12
Specifications of the weighing balance used to weigh the SCRF® [5]

Manufacturer Ohaus
Model Ranger
Capacity 35,000 g
Cartified Readability +/- 1.0 g
Readability +/- 0.1 g
Linearity +/- 0.3 g

4.6 Procedure for the Model Calibration

The SCR-F model requires a set of time-varying inputs, the specifications of the

SCRF® and a set of calibration parameters to simulate the engine conditions of the

experiments.

The inputs used for the model include:

1. Mass flow rate of fuel and air
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2. Inlet exhaust gas temperature

3. Concentration of chemical species at the inlet of the SCR-F

4. Relative humidity, temperature and barometric pressure in the test cell.

The calibration parameters used by the model are broadly classified as

• Thermal Parameters

• PM kinetics

• Gaseous species kinetics

• SCR reaction kinetics

• Pressure drop and filtration parameters

• Cake permeability parameters

4.6.1 SCRF® Configuration 1 PO Tests Without Urea

The SCRF ® configuration 1 data without urea consisted of seven experiments with

a temperature range of 273�377oC. These data were used to determine the thermal

parameters, NO2 assisted PM oxidation, cake permeability, and pressure drop param-

eters. A combination of manual and numerical optimization in MATLAB/Simulink

using fmincon function was used to determine these parameters. Figure 4.9 shows

the steps used for the calibration process. To use the numerical optimization scheme,

cost functions of the form shown in Equation 4.1 were developed for each of the steps

in the calibration process.

Cost =
EndtimeX

t=Starttime

(Xmodel �Xexp)
2 (4.1)

where cost is supplied to the fmincon function. Start time and end time are the time

points between which the experimental and model data for a given quantity that is
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being tracked for deviation. Xexp , Xmodel are the experimental and model quantities

being compared. X can have di↵erent values such as PM mass retained, concentration

of chemical species, temperature, the pressure drop across SCRF ® depending on

the parameter being found.

Initial Values of
ANO2 ,ENO2 ,AO2 ,
EO2 , hamb , ⌘r, ⇢f

ANO,ENO and
pressure drop parameters

Calibration of
ANO2 and ENO2

Calibration of
AO2 and EO2

em < 2 g

Calibration of
hamb,✏r and ⇢f

eT < 15oC
em < 2 g

Calibration of
ANO and ENO

eT < 15oC
em < 2 g

eNO < 30 ppm

Calibration of
pressure drop parameters

eT < 15oC
em < 2 g

eNO < 30 ppm
edelP < 0.5kPa

Final set of
parameters

NO

NO

NO

Yes

Yes

Yes

NO Yes

RMS error in
temperatures (20
thermocouples)

Error in
outlet NO/NO2

concentration

Error in
PM mass retained

Error in
pressure drop

PM Oxidation

Thermal

Gaseous

Pressure drop

em =

eT =

edelP =

eNO =

Figure 4.9: Schematic of SCR-F calibration with configuration 1 data
without urea injection

The calibration procedure shown in Figure 4.9 consists of 4 major steps shown in

di↵erent colored boxes. Each step is repeated such that the errors for the variables

from each of the preceding steps are satisfied. If any one of the error criterion is not
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met the preceding steps are repeated. This iterative procedure is followed till a final

set of parameters that work for all the configuration 1 experiments are found. The

order of the calibration procedure consists of 1) PM oxidation kinetics, 2) thermal

parameter, 3) gaseous species kinetics and 4) pressure drop parameters. These steps

are explained in detail in the following sections.

4.6.1.1 PM Oxidation Kinetics

The PM oxidation kinetics consist of pre-exponential and activation energies for NO2

oxidation of PM and the thermal oxidation in both PM cake and the substrate wall.

It was found that the SCRF ® had di↵erent NO2 assisted PM oxidation rates during

loading and the oxidation stages for all the seven experiments. So, di↵erent pre-

exponential values were used for NO2 assisted PM oxidation in the PM cake and

substrate wall for the loading and oxidation stages. The deviation in the experimental

and model PM mass retained values was used to determine the NO2 assisted PM

oxidation rate for each of the seven experiments. This deviation was reduced by

finding pre-exponential values for each experiment followed by an Arrhenius plot to

find common values of the pre-exponential and activation energy for the NO2 assisted

PM oxidation reaction for all the seven experiments. The PM mass retained data

at the end of stage 1 and stage 2 of all the experiments were used to determine the

kinetics for the loading stage. The di↵erence between the PM mass retained at the

end of stages 2 and 3 for all the seven experiments were used to determine the kinetics

during the oxidation stage. The thermal oxidation pre exponential and the activation

energy were found using the AR experimental data.

4.6.1.2 Temperature Distribution and Thermal Response

The temperature distribution in the SCR-F model is a function of heat loss to the

ambient, physical properties of the filter for the thermal inertia and energy release by

the chemical reactions taking place in the SCRF ®. The heat loss to the ambient

is a↵ected by the convection heat transfer coe�cient and radiation heat transfer

coe�cient parameters. The values of these two parameters were found using the

experimental and model temperature values of all the 20 thermocouple locations in

the SCRF ® for all seven experiments. By reducing the deviation in the temperature
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distribution during passive oxidation, the energy loss to ambient and thus the value

of these two parameters were found.

4.6.1.3 Filtration E�ciency and Pressure Drop

The filtration e�ciency of the model is calibrated using the experimental data for

each experiment using the outlet and inlet PM concentrations. The experimental

pressure drop during loading stages and the experimental filtration e�ciency values

along with the pressure drop parameters for all the 7 experiments were used to cali-

brate the pressure drop and filtration e�ciency during loading stages. The filtration

and pressure drop parameters along with the calibration of the filtration model are

described in reference [50]

The pressure drop during the PM oxidation stage is governed by the change in cake

permeability of the PM cake and the PM mass retained. The cake permeability is

a function of PM oxidation rate. All the required cake permeability parameters are

found using pressure drop and PM oxidation rate data from the seven configuration 1

experiments without urea injection using numerical optimization with a tolerance of

0.2 kPa of experimental pressure drop values. Table 4.13 shows the list of parameters

obtained.

The steps used to find these parameters are as follows:

1. The clean wall pressure drop is used to determine the initial wall permeability

(Ko,wall)

2. Based on the slope of pressure drop curved during loading the value of transition

permeability (Ko,trans) is determined such that it simulates the transition from

deep bed filtration to cake using first 30 minutes of experimental data.

3. Based on the slope of pressure drop curve during loading stage after first 30

minutes the values of cake permeability correction factor C5, cake layer porosity

((1�↵o,cake)) and maximum cake e�ciency parameter (Aeff,cake) are determined.

4. Wall packing density parameters C1,wpm and C2,wpm are determined using mass

of PM in the wall.
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5. In order to simulate the cake and wall pressure drop the permeability parameters

C4 and C5 are found such that they reduce the pressure drop error during the

change in pressure and temperature of the exhaust gas by simulating the change

in the mean free length of the exhaust gas in the PM cake and wall. The pressure

drop data during the loading stage is used for this step.

6. The wall PM oxidation pre exponential (Awall,NO2,loading) during is found such

that wall pressure drop reaches a steady state value after transition to the cake

filtration regime in order to simulate the slope of the pressure drop.

7. The wall PM oxidation pre exponential (Awall,NO2,oxidation) during passive oxi-

dation stage is found at the end of the oxidation stage where due to cake perme-

ability change the cake pressure drop is near zero so this parameter determines

both the wall and total pressure drop.

8. The cake permeability parameters (C8 and C9) are found based on cake pressure

drop data during PM oxidation.

9. Post loading pressure drop data is used to determine cake permeability param-

eters (C10 and C11)

Steps 8 and 9 are explained in detail in the next subsection.

Table 4.13
Pressure drop parameters during PM loading for the SCR-F model

Parameter Description
Ko,wall Intial permeability of substrate wall
ko,trans Transistion permeability of substrate wall
C1,wpm First concstant of wall packing density
C2,wpm Second constant of wall packing density
C3 Ref. Pressure for wall permeability
C4 Wall permeability correction factor
Awall,NO2,loading Pre exponential of NO2 based wall oxidation during loading
↵o,cake Initial solidosity of PM cake layer
ko,cake Initial / reference permeability of PM cake layer
C5 Cake permeability correction factor
C6 Ref. Pressure for lambda correction
C7 Ref. Temperature for lambda correction
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Table 4.14
Pressure drop parameters during PM loading SCR-F model

Parameter Description
C8 Slope of delta mass o↵set
C9 Intercept of delta mass o↵set equation
↵k Multiplicative constant for cake permeability correction
�k Power constant for cake permeability correction
C13 Multiplicative constant for percentage PM oxidized
Awall,NO2,loading Pre exponential of NO2 based wall oxidation during loading

4.6.1.4 Cake Permeability

The permeability of PM cake is an important variable that determines the pressure

drop across the SCRF® during PM oxidation and in post oxidation stages of exper-

iments in configuration 1 ,2 and 3. During oxidation of PM cake, the PM cake gets

damaged due to oxidation of the PM cake. This damage leads to formation of pores

and cracks in the PM cake layer. When these cracks join leading to a reduction in

resistance of the PM cake to exhaust gas flow, the permeability of the cake increases

significantly leading to a significant decrease in the cake pressure drop component

since the exhaust gas follows the path of least resistance formed by the cracks.

The aim of the cake permeability model is to track the change in PM cake permeability

during PM oxidation and during post oxidation stages where the cracks start getting

filled up rapidly by new PM being loaded into the filter. The rate of damage is a

function of PM oxidation rate, forward di↵usion of chemical species and percent of

PM cake. Equations 4.2 and 4.3 are used to compute the damage and equivalent

cake permeability change using these factors. Table 4.14 shows the list of parameters

from these equations that are determined for configuration 1 experiments without

urea injection as part of the calibration process.

d =
mcake,initial �mcake,corrected

mcake,initial
+ C12

✓
mcake,initial �mcake,retained

mcake,initial

◆
(4.2)

di,j = C13

✓
mcake,initiali,j �mretainedi,j

mcake,initiali,j

◆
�

moffseti,j

mcake,initiali,j

(4.3)
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The cost function from Equation 4.4 is used with PM oxidation pressure drop exper-

imental and model data to determine the parameters in Table 4.14.

Cost =
T=PassiveOxidationStageEndX

T=PassiveOxidationStageStart

(delPmodel � delPexp)
2 (4.4)

Where Cost is the value of cost function that is a measure of deviation between exper-

imental and model pressure drop during the passive oxidation stage of the experiment.

T is the time , delPmodel, delPexp are the model and experimental pressure drop val-

ues in kPa. This cost is computed for passive oxidation stages of all PO experiment

and supplied to numerical optimizer to find the common set of cake permeability

parameters.

The parameters in Table 4.15 are used to simulate cake permeability in post oxidation

stages which are found using cost function Equation 4.5.

Table 4.15
Pressure drop parameters during PM loading SCR-F model

Parameter Description
C10 Slope of post loading cake permeability
C11 Constant for post loading cake permeability

Cost =
T=Stange 4 EndX

T=Stage 3 start

(delPmodel � delPexp)
2 (4.5)

4.6.2 SCRF® Configuration 1 PO Tests With Urea Injection

The SCRF ® configuration 1 PO data with urea was used to calibrate the di↵usivity

of the PM cake during PM oxidation in the SCRF ®. The data consisted of seven

PO experiments covering a temperature range of (274�367oC) with urea injection

during the passive oxidation stage.

The forward di↵usion of NO/NO2 during urea injection leads to a decrease in available
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NO2 in the PM oxidation leading to a decrease in the PM oxidation reaction rate.

The di↵usivity in the PM cake is a function of tortuosity (⌧cake) of the PM cake

which is an unknown physical parameter for the PM cake and has a range of 0 to

10. A tortuosity value of 8 was found from the calibration process that was able to

simulate the di↵usion rate for all the thirty experiments. The value of this parameter

is found using the change in PM mass retained at the end of stage 3 and 4 for the

seven test points from the configuration 1 data with urea injection. Figure 4.10 shows

the calibration process used in this step. In Figure 4.10 the value of the tortuosity is

Initial Value
of ⌧cake

Final Value
of ⌧cake

eNO < 20 ppm
eNO2 < 20 ppm

em < 2 ppm

Yes

No
Figure 4.10: Schematic of SCR-F calibration with configuration 1 data
with urea injection

changed such that the outlet NO and NO2 concentration for the seven configuration 1

PO experiments with urea injection during PO stage are within 20 ppm and PM mass

retained for all the 4 stages is within 2 gm of the experimental value. The process is

repeated iteratively to obtain the final value of the turtuosity.

4.6.3 SCRF® Configuration 1 AR Tests

The SCR-F configuration 1 AR data were used to calibrate the thermal PM oxidation

kinetics, gaseous species kinetics for hydrocarbon oxidation in the SCRF ®. The data

consisted of four AR experiments covering a temperature range of 500 � 600oC.
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4.6.3.1 Active Regeneration PM Oxidation Kinetics

The active regeneration kinetics assume that passive oxidation kinetics found from

passive oxidation experiments remain constant for the higher temperature experi-

ments where the inlet NO2 concentrations are low. The remaining oxidation occurs

due to the thermal PM oxidation reaction. The pre exponential of this reaction was

found for the individual experiments using the cost function shown in Equation 4.6

keeping the activation energy constant.

Cost =
4X

k=3

(PMretained,model,k � PMretained,exp,k)
2 (4.6)

The resultant pre exponential values are used in an Arrhenius plot to obtain common

kinetics for the thermal PM oxidation reaction for all the four experiments.

4.6.3.2 HC Oxidation Kinetics

The HC oxidation reaction is responsible for the majority of the energy release (88%)

in the SCRF ® during active regeneration leading to a temperature rise of 10-15oC

for the 4 AR experiments. Since the outlet hydrocarbon concentration values were

not available, it was assumed that 92 % of inlet HC is oxidized across the SCRF ®
based on earlier work performed on the 2007 ISL data using the 2D SCR-F model

[37]. The cost function shown in equation 4.7 is used to find the pre exponential of

HC oxidation for all the 4 experiments.

Cost =
X

(CHC,model,k � 0.08 ⇤ CHC, in)
2 (4.7)

The pre exponentials are then used in an Arrhenius plot to obtain common kinetics

for the HC oxidation reaction. The resultant reaction rates obtained for HC oxidation

in all the four experiments were able to simulate the temperature distribution during

the active regeneration to within 5oC.
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4.6.4 SCRF® Configuration 2 Tests With and Without PM

The configuration 2 data consisted of four test points with twelve experiments at 0,

2 and 4g/l PM loading. The experiments with 0 g/l loading were used in this step to

determine the SCR kinetics and NH3 storage parameters. The experiments with PM

loading were used to validate the model. The calibration parameters of the 2D SCR-F

model are found using the experimental data collected on 2013 Cummins ISB data.

The primary aim of the calibration process is to determine one set of kinetics that can

simulate the SCRF® performance for all the engine conditions. The experimental

data consisted of four experiments that were conducted over a wide range of space

velocity, exhaust gas temperature and NO2/NOx ratio conditions to simulate the

engine operating conditions. The kinetics and storage parameters from the Cummins

ISB 2010 engine SCR from reference [2] were used as initial values for the calibration.

The cost function used for the calibration is given by Equations 4.8 and 4.9.

Costi =

Z tend

to

ei(t)
T ei(t)dt (4.8)

ei(t) = (Ci,model � Ci,exp) (4.9)

Costi is the cost function with i = NO, NO2 and NH3. t0 and tend are the start and

end times for the simulation in seconds. ei is the error between experimental and

model concentrations. Ci,model and Ci,exp are the SCRF® outlet concentrations of

the chemical species i from the model and the experimental data.

The cost function consisting of integral of squared error is supplied to the numerical

optimizer based on fmincon function in MATLAB/Simulink which changes the cali-

bration parameters to minimize the value of the cost function by reducing deviation

in the model and experimental outlet concentrations of NO, NO2 and NH3.

The SCR-F model consists of three SCR reactions, two adsorption, two desorption

reactions, NH3 oxidation and N2O formation reaction. These nine reactions each

consists of activation energy and pre-exponential parameters from the Arrhenius form

used to model the NOx reduction across the SCRF®. These eighteen parameters are

found by comparing experimental NO, NO2 and NH3 concentrations at the SCRF®
outlet to the 2D SCR-F model outlet concentration values.
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Initial values of
SCR parms set

1, 2 and 3

Calibration of
SCR parms set 1

Exp. T < 350oC
eNO < 20ppm
eNO2 < 20ppm
eNH3 < 30ppm

Calibration of
SCR parms set 2

Exp. T > 350oC
eNO < 20ppm
eNO2 < 20ppm
eNH3 < 30ppm

Calibration of
SCR parms set 3

Exp. T < 350oC
eNH3 < 20ppm

Final set
of parameters

Yes

Yes

Yes

No

No

No

Figure 4.11: Schematic of SCR-F calibration with configuration 2 data
SCR reaction kinetics

The activation energies of all the reactions are kept constant and pre-exponentials of

the reactions are updated for individual experiments using the numerical optimization

scheme. Based on the pre-exponentials obtained, the rate constant for each reaction

are calculated. These rate constants are then used in Arrhenius plots to obtain a

common set of kinetics for all the reactions. The updated activation energies are

used in the next step with the numerical optimizer to further improve the calibration.

This iterative procedure is continued until the set of kinetics is obtained which is able

to simulate the outlet NO, NO2 and NH3 concentrations to within +/- 20 ppm of the

experimental data for all the experiments.

The steps used in calibration of the SCR model are shown in Figure 4.11. Based on

outlet NO and NO2 SCRF® outlet concentration data from experiments with inlet

temperature less than 350oC, the set 1 (red) parameters are obtained. Set 1 consists of

the kinetics of the three SCR reactions, adsorption and desorption reactions of the first

site. Once these kinetics are found using the numerical optimization and Arrhenius
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plots set 2 (green) is found in the next step. Set 2 consists of NH3 oxidation reaction

and three SCR reactions. These kinetics are found using NO, NO2 and NH3 outlet

concentrations from experiments with inlet temperature greater than 350oC where

significant NH3 oxidation reaction is observed.

In the final step, set 3 (blue) kinetics consisting of the adsorption and desorption

reactions of the second storage site and maximum storage of the two storage sites are

found. NH3 slip from experiments with inlet temperature less than 350oC is used for

this step. The adsorption and desorption kinetics are found based on the steady state

NH3 slip value at ANR values 0.8 to 1.2. The transient change in NH3 slip pattern

during transition from ANR 1.0 to 1.2 used to find the final value of the maximum

storage of the two storage sites.

The steps shown in Figure 4.11 are performed iteratively. Whenever a condition for a

step is satisfied then the next step is followed. If the next step fails to converge then

all the previous are repeated since the parameters are coupled. This iterative process

is continued till a common set of kinetics that satisfy all the conditions is obtained.

The parameters obtained using the steps described in this chapter are described in

detail in Appendix G. The resultant common set of parameters are used with the 2D

SCR-F model to obtain the results described in Chapter 5.
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Chapter 5

Results and Discussion 1

This chapter presents the results obtained from the 2D SCR-F model using the com-

mon set of parameters obtained from the calibration process described in Chapter

4.The description of the parameters used for the model to obtain these results is

given in Appendix G. The output data from the thirty-seven experiments consisting

of passive oxidation, active regeneration and NOx reduction experiments with and

without urea loading is presented. A detailed analysis of the underlying internal vari-

ables primarily consisting of spatial distribution of temperature, PM mass retained

and NH3 coverage fraction of the two NH3 storage sites is also presented. This chapter

is divided into three sections: 1) Configuration 1 experiments with and without PM

loading primarily focused on pressure drop, filtration characteristics and impact of

urea injection on PM oxidation rate. 2) Configuration 2 experiments with and without

PM loading focused on NOx conversion performance and impact of PM loading on the

SCR reaction rate. 3) Configuration 3 experiments with the SCRF®+SCR system

focused on determining the system NOx conversion at di↵erent engine conditions.

1Parts of this chapter are from reference [49]
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5.1 SCRF® Configuration 1 Passive Oxidation

With and Without Urea Data

The configuration 1 dataset consisted of five passive oxidation test points. These five

test points were run with and without urea injection leading to a total of 14 passive

oxidation experiments. These experiments had a temperature range of 273 to 377oC

and a inlet NO2 range of 117 to 792 ppm. A target oxidation of 70% at the end of

PM oxidation stage was used to determine the time for the passive oxidation stage in

each experiment.

Due to the temperature and inlet NO2 conditions encountered in these tests, up to

93% of total PM oxidation during the PM oxidation stage was caused by NO2 assisted

PM oxidation reaction. During urea injection at ANR = 1.0 for the five test points,

upto a 70% reduction in the PM oxidation rate was observed and compared to the

experiments without urea injection. This change in PM oxidation rate was found

to be a function of the forward di↵usion of NO2 from the PM cake to the substrate

wall. The change in PM oxidation rate led to a change in the filtration, pressure drop

and PM distribution characteristics of the SCRF®. An axial increase in exhaust gas

temperature due to the SCR reactions was also observed for experiments with urea

injection which impacted the PM distribution at the end of the passive oxidation

stage. These phenomena will be discussed in the next section.

5.1.1 Impact of SCR Reactions on PM Oxidation Rate

The outlet NO2 emissions in the SCRFr are impacted by the passive oxidation rate

and the SCR reactions. The PM passive oxidation (PO) rate converts NO2 to NO

while the NOx is conserved as can be observed in experiments without urea injection.

In the experiments with urea injection, the NO2 from the PM cake layer is further

reduced to N2 and H2O, and the outlet NOx is lower than the inlet NOx in this case.

Figure 5.1 compares the outlet NO2 from Test point C with and without urea injec-

tion showing the impact of NO2 assisted PM oxidation and the SCR reactions on the

outlet NO2 concentrations. At time t = 0 to 5.5 hrs, the outlet NO2 concentration
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is impacted by the passive oxidation only, therefore the values from both the exper-

iments are similar. The decrease in NO2 with time is due to the increase in passive

oxidation rate with increase in PM mass retained in the PM cake. At time t = 5.9 to

7 hrs for the experiment without urea injection shown with the black line, the NO2

concentration decreases due to the PM passive oxidation reaction. The passive oxi-

dation rate changes with time due to a decrease in PM retained as a result of the PM

oxidation reaction which leads to the time varying outlet NO2 concentration observed

in this experiment. For the experiment with urea injection shown with the red line at

time t = 5.9 to 8 hrs., the outlet NO2 is a function of both passive oxidation and SCR

reactions leading to a steady outlet NO2 value of 5 ppm at ANR = 1.0 used in this

case during the PO stage. The post loading stages have similar NO2 concentrations

for both cases as the loading stages. The experimental data for the case with urea

injection (blue circles) and without urea injection (red circles) are within 20 ppm of

model values.
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Figure 5.1: Outlet NO2 emissions from PO-C experiment (with and with-
out urea injection) inlet temperature = 349/347oC, NO2 = 301/228 ppm,
NO = 387/321 ppm

The change in the NO2 in the SCRF® outlet during PO with urea injection is caused

by the PM oxidation in the PM cake layer, SCR reactions in the substrate wall due to

transport of NO2 from the PM cake to the substrate wall layer by forward di↵usion

caused by the concentration gradient in the PM cake and substrate wall layers. This

di↵usion rate increases with an increase in the concentration and leads to a reduction
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in the available NO2 in the PM cake. The SCR-F model was able to capture this

phenomena which has significant impact on the passive oxidation rate of the PM cake.

Figure 5.2 compares the available NO2 in the PM cake after taking forward di↵usion

into account for Test C without (blue dotted line) and with urea injection (black

line). The available NO2 in the cake decreases by 60 % from 100 ppm to 40 ppm for

the case with urea injection. This led to a 60 % reduction in passive oxidation rate

and a longer duration of the passive oxidation stage (80 minutes vs 120 minutes) for

the same amount of PM oxidation.

0 1 2 3 4 5 6 7 8 9 10

Time (hr)

20

40

60

80

100

120

140

160

180

200

N
O

 i
n

 t
h

e
 P

M
 c

a
k

e
 (

p
p

m
)

NO
2
 in PM cake with urea injection

NO
2
 in PM cake without urea injection

Figure 5.2: NO2 in the PM cake for PO-C experiment (with and without
urea injection) inlet temperature = 349/347oC, NO2 = 301/228 ppm, NO
= 387/321 ppm for Test C

Figure 5.3 shows the change in the NO2 concentration across the inlet channel, PM

cake, substrate wall and outlet channel due to reaction - di↵usion scheme at the x =

150 mm along the length of the SCRF®. For the experiment without urea injection,

the NO2 in the inlet channel decreases to 280 from 300 ppm due to di↵usion at the

inlet channel - PM cake boundary, and a further decrease from 280 to 130 ppm due to

passive oxidation in the PM cake and forward di↵usion to the substrate wall layer is

experienced. In the substrate wall and outlet channel, the NO2 concentration remains

constant at 130 ppm. For the experiment with urea injection, the fast SCR reaction

consumes most of the NO2 in the substrate wall leading to a significant concentration

gradient compared to the case with no urea injection. Due to the higher concentration

gradient, a higher forward di↵usion rate is observed leading to a decrease of NO2 from
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300 to 220 ppm in the inlet channel, 220 to 40 ppm in the cake and 40 to 5 ppm in

the substrate wall. This higher di↵usion rate leads to a lower e↵ective NO2 in the PM

cake in the case with urea injection, 200 vs 40 ppm leading to a lower PM oxidation

rate.
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Figure 5.3: Change in NO2 concentration through the PM cake and sub-
strate wall for PO-C (with/without urea) inlet temperature = 349/347oC,
NO2 = 301/228 ppm, NO = 387/321 ppm with (t = 6.7 hrs, 47 minutes
after start of PM oxidation) and without (t = 6.7 hrs, 52 minutes after start
of PM oxidation) urea injection for Test C.

Figure 5.4 compares the 60-80% reduction in PM oxidation rate during urea injection

for the 7 experiments in the configuration 1. The SCR-F model was able to simulate

the experimental values to within 5% for all the cases using a common set of passive

oxidation reaction kinetics.
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Figure 5.4: Experimental and model NO2 assisted PM oxidation rates for
all 7 SCRF® configuration 1 experiments

5.1.2 Change in Temperature, NO2 concentration and PM

Mass Distribution for Cases With and Without Urea

Injection

The temperature distribution in the SCRF® is governed by the heat loss to the am-

bient, conduction in the radial and axial direction and energy release by the chemical

reactions. Figure 5.5 compares the 2D temperature distribution during passive oxi-

dation with and without urea injection. For the case without urea injection, the axial

temperature decreases from 357 to 355oC at the centre of the filter and at the outer

edges, the temperature decreases from 336 to 324oC due to the addition of the heat

loss to the ambient. For the case with urea injection, a temperature rise from 354 to

362oC is observed due to energy release by the SCR reactions. The temperature rise

is observed to be higher at axial location x = 50 to 100 mm due to a postulated higher

catalyst loading compared to the rest of SCRF® and di↵usion of chemical species

from inlet channel to substrate wall. The model was able to simulate the temperature

distribution to within 5oC of experimental value for all the 37 experiments.

The NO2 concentration in the axial direction is a function of the di↵usion from the

inlet channel to the substrate wall. The di↵usion rate is a function of the concentration
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Figure 5.5: 2D temperature distribution for Test C (with/without urea)
inlet temperature = 349/347oC, NO2 = 301/228 ppm, NO = 387/321 ppm
with (t = 6.7 hrs, 5 minutes after start of PM oxidation) and without (t =
6.7 hrs, 5 minutes after start of PM oxidation) urea injection.

gradient caused by the consumption of NO2 by both passive oxidation reaction in the

PM cake and SCR reactions in the substrate wall. Figure 5.6(a) shows the change

in NO2 concentration during urea injection in Test C. The axial and radial change in

NO2 observed in the Figure 5.6(a) is a function of the change in the local NO2/NOx

ratio shown in Figure 5.6(b) which determines the change in the contribution of the

SCR reactions in the substrate wall slabs.

The PM distribution is a function of the temperature distribution and chemical species

(NO2) distribution in the SCRF® that were discussed earlier. Figure 5.7 compares

the PM distribution at the end of the passive oxidation stage for test point C with

and without urea injection. For the experiment without urea injection, the PM

distribution is a function of the temperature distribution leading to uniform PM

loading of 1 g/l at the center of the filter at radius of 0 to 90 mm. At the outer edges

of the filter from radius 90 to 110 mm due to a radial decrease in the temperature,

an increase in the PM loading from 1.1 to 1.8 g/l is observed due to reduced PM

oxidation rate. Also an increase in the axial PM loading form 1.4 to 1.8 g/l at the

outer edge of the SCRF® is observed due to the axial temperature decrease caused

by heat loss to ambient.

For the case with urea injection, the change in NO2 concentration combined with

the temperature increase due to the energy release by the SCR reactions play an
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Figure 5.6: Change in NO2 concentration and NO2/NOx ratio through the
PM cake and substrate wall for PO-C inlet temperature = 347oC, NO2 =
301 ppm, NO = 387 ppm with urea injection (t = 6.7 hrs, 47 minutes after
start of PM oxidation) for Test C

important role in the PM distribution of the SCRF®. The center of the filter has

lower PM loading 0.9 - 1 g/l due to the higher PM oxidation rate caused by the

increased temperature. The axial variation in PM distribution is due to the NO2

concentration profile inside the PM cake layer. At radius 90 to 110 mm, the loss of

heat to the ambient leads to a higher PM loading of 1 to 1.8 g/l observed in Figure

5.7a.

5.1.3 Filtration E�ciency With and Without Urea injection

Filtration e�ciency of the SCRF® is modeled with two components, the cake and

substrate wall. Figure 5.8 compares the filtration e�ciency of Test point C with

and without urea injection from the SCR-F model. For the experiment without urea

injection at time t = 0 to 0.5 hrs the wall e�ciency increases due to PM accumulation

in the wall, at t = 0.5 hrs the filtration transitions from deep bed to cake filtration

regime leading to a total filtration e�ciency greater than 95 %. A maximum filtration

e�ciency of 98.5 % is observed during the loading stage at t = 0.5 to 5.5 hrs. At

5.5 hrs, due to PM oxidation, a significant drop in wall filtration e�ciency and thus

total filtration e�ciency is observed. At t > 7.1 hrs the filtration e�ciency of the wall

starts increasing due to the wall being filled with PM. However, due to the presence

of the PM cake layer, the rate at which PM fills up the substrate wall in this case is
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(b) 2D PM mass distribution without urea
injection

Figure 5.7: 2D PM mass distribution for Test C (with/without urea) inlet
temperature = 349/347oC, NO2 = 301/228 ppm, NO = 387/321 ppm with
(t = 6.7 hrs, 47 minutes after start of PM oxidation) and without (t = 6.7
hrs, 52 minutes after start of PM oxidation) urea injection.

much lower.

For the experiment with urea injection, the filtration characteristics during loading

are similar to the case without urea injection with a maximum filtration e�ciency of

98.5 %. After t = 5.5 hrs, the rate of decrease in wall filtration e�ciency is much

lower compared to the without urea case due to a 85 % reduction in the wall PM

oxidation rate in this case. This decrease in PM oxidation rate of wall PM is due

to competition for NO2 between the passive oxidation rate and the SCR reactions.

As a result of this lower oxidation rate in the post loading stages at time t > 7.9

hrs, the wall e�ciency is higher compared to the without urea injection case (60 %

vs 55%). This change in filtration characteristics has further impact on the pressure

drop characteristics of the SCRF® during oxidation and post loading stages.

5.1.4 Impact of Urea Injection on PM Mass Retained

The PM mass retained is a function of the filtration e�ciency, exhaust flow rate, inlet

PM concentration and PM oxidation rate. Figure 5.9 shows the PM mass retained

vs time plots for Test C with and without urea experiments. For both the cases, the

model was able to simulate the experimental data to within 2 gm using the same set
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(a) Filtration e�ciency with urea injection
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(b) Filtration e�ciency without urea injec-
tion

Figure 5.8: Filtration e�ciency PO-C with/without urea injection vs time.

of kinetics for passive oxidation and thermal oxidation reactions. In both the cases

at the end of loading at time t = 5.5 hrs., 28 gm of PM was observed. During the

passive oxidation stage, due to urea injection, a 70 % reduction in the PM oxidation

rate is observed leading to a longer oxidation stage (120 minutes vs 80 minutes) for

experiment with urea injection compared to case without urea injection for the same

amount of PM oxidized. During post loading, for the case with urea injection, the

slope of the PM mass retained is lower than the case without urea injection due to

the change in the wall filtration characteristics.
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(b) PM mass retained vs time for without
urea injection

Figure 5.9: PM mass retained vs time for Test C with and without urea
injection
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5.1.5 Impact of Urea Injection on Wall and Cake Pressure

Drop Characteristics

The pressure drop characteristics of the SCRF® are impacted by three major com-

ponents - pressure drop across the substrate wall, PM cake and inlet/outlet channel.

Figures 5.10 and 5.11 show the pressure drop across the SCRF® vs time for Test C

with and without urea injection. In both the cases, the pressure drop increases with

an increase in the PM mass retained in both the PM cake and substrate wall. A

linear increase in pressure drop slope can be observed for both the experiments from

time t = 0 to 5.5 hrs. The major components of the pressure drop are also shown

in the figures (cake pressure drop in green, wall pressure drop in blue and channel

pressure drop in orange). The experimental and model total pressure drop are shown

with dotted black and red lines.

After t = 5.5 hrs., due to PM oxidation, the pressure drop decreases in both cases.

The slope of the pressure drop curve during passive oxidation is higher for the case

without urea injection due to higher PM oxidation rate. For the case without urea

injection, due to the reduction in the PM oxidation rate, the slope of the pressure

drop curve is lower for the initial part of oxidation t = 5.5 to 6.5 hrs. Also, the

slope of the wall pressure drop curve in this case is lower due to the 85% reduction

in the wall PM oxidation rate caused by the competition for NO2 between NO2

assisted PM oxidation and the SCR reactions. At time t = 6.5 hrs. a slope change

is observed due to the change in the permeability of the cake which represents the

time point where the cracks are formed in the PM cake due to the damage by the PM

oxidation leading to a rapid decrease in cake pressure drop as the exhaust gas follows

the path of least resistance through these cracks. For the post loading condition,

the cake permeability gradually reaches the initial value as the cracks in the PM

cake fill up with PM. The slope of the pressure drop curves during post loading for

the case without urea injection is higher due to a lower change in cake permeability

change during oxidation and the wall pressure drop is lower in this case due to higher

oxidation rate of wall PM. For the case with urea injection, the pressure drop curve

in post loading increases significantly at t = 8.5 hrs., and this point represents the

time at which the cracks in the cake fill up leading to a rapid increase in the pressure

drop across the PM cake. Also, the wall pressure drop is higher due to the lower wall

PM oxidation rate during the PO stage.
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Figure 5.10: Pressure drop vs time for Test C with urea injection inlet
temperature = 347 oC, NO2 = 228 ppm, NO = 321 ppm
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Figure 5.11: Pressure drop vs time for Test C with urea injection inlet
temperature = 349 oC, NO2 = 301 ppm, NO = 387 ppm

5.1.6 Change in Cake Permeability Due to Forward Di↵usion

The cake permeability was modeled as a function of PM oxidation rate and percent

PM oxidized during the oxidation stage. The equations used for the cake permeability

were used to calculate the damage variable which represents the cracks formed in the

cake that reduce the resistance of the PM cake layer to exhaust gas flow. During urea

injection, it was observed that the cake permeability change was much higher than
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predicted by the cake permeability model. This increase in permeability, which led

to near zero cake pressure drop, can be attributed to higher damage caused by the

forward di↵usion of NO2 from PM cake to substrate wall layer. Figure 5.12 shows

a comparison of cake permeability for Test C with and without urea injection during

the passive oxidation stage. Both the cases have the same percent oxidation, however

the cake permeability for the case with urea injection case is 12 times higher. In

order to account for impact of the forward di↵usion, the model employed a higher

maximum cake permeability correction compared to the case without urea injection.
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Figure 5.12: PM cake permeability vs time for Test C experiment (with
and without urea injection) inlet temperature = 349/347 oC, NO2 = 301/228
ppm, NO = 387/321 ppm

5.2 SCRF® Configuration 1 Active Regeneration

Data

The configuration 1 data consisted of four active regeneration experiments that were

used to determine the thermal and PM oxidation kinetics. These experiments showed
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negligible change in PM cake permeability and low passive oxidation (<10%) rate

compared to a CPF from reference [50]. A temperature rise of 15 to 20oC as a

function of HC oxidation was observed in the experimental data and was simulated

by the 2D SCR-F model to within +/- 5oC. This section covers the results from the

active regeneration experiments.

5.2.1 Energy Release by HC Oxidation

The energy release from chemical reactions led to 10 - 20 oC rise in temperature

of the exhaust gas of the SCRF® during active regeneration stage. The reactions

involved in the energy release are HC oxidation, passive oxidation and thermal PM

oxidation reactions. Figure 5.13 compares the contribution of these reactions for the

four active regeneration experiments in terms of total energy release during active

regeneration. As can be observed from the Figure 5.13 the energy release by HC

oxidation accounted for 94 - 96 % of the total energy release for all the four active

regeneration experiments. The thermal PM oxidation led to further 3.5 - 5 % of

energy release with passive oxidation accounting for 1 % of total energy release.
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Figure 5.13: Contribution of HC, NO2 assisted PM and thermal PM oxi-
dation rate to the total energy release during AR stage
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5.2.2 Contribution of Thermal and NO2 Assisted PM Oxi-

dation

For the active regeneration experiments, the PM oxidation is assumed to have two

components - thermal and passive oxidation. For inlet exhaust gas temperatures

greater than 500oC the thermal oxidation is the dominant form of PM oxidation.

For these experiments due to the low NO2 inlet concentration, the passive oxidation

accounts for less than 10 % of the total PM oxidation rate. Figure 5.14 shows the

percent PM oxidized by thermal and passive oxidation rate. For all cases, the thermal

oxidation accounted for greater than 90 % of total PM oxidation rate. With an

increase in temperature from 490 to 590oC the thermal PM oxidation rate increased

from 92 to 96 % of the total PM oxidation rate and at the same time the passive

oxidation reduced from 8 to 4%.
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Figure 5.14: Percent of total PM oxidation rate for Thermal and NO2

assisted vs exhaust gas temperature during active regeneration

Due to the presence of a di↵erent catalyst in the SCR® compared to a CPF [52]

the passive oxidation rate contributed to 6% of the passive oxidation in the SCRF®
in the place of 20% observed for the CPF during active regeneration. In the CPF

due to the presence of a oxidation catalyst, the NO2 consumed in the PM cake was

regenerated in the wall and through back di↵usion supplied to the PM cake leading
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to higher PM oxidation rate. In the case of SCRF® due to the absence of a oxidation

catalyst, the NO oxidation reaction was observed to be low resulting in a lower passive

oxidation rate for the same engine condition.

5.3 Summary of Configuration 1 Results

The eighteen experiments in configuration 1 were simulated by the SCR-F model with

the common set of parameters obtained as part of the model calibration. Important

results from this dataset include:

1. The outlet exhaust gas temperature was simulated to within +/-5oC for all the

sixteen experiments for all stages.

2. The 2D temperature distribution during PO was simulated to within +/- 5oC

RMS error of the experimental data using thermal parameters and energy re-

lease by the SCR reactions. The AR stage temperature distribution was simu-

lated using the energy release from the HC oxidation, passive and thermal PM

oxidation reactions to within +/- 5 oC of experimental data.

3. The PM mass retained was simulated to within +/- 2 gm of experimental data

for all the fourteen PO and four AR experiments using a common set of kinetics

for NO2 assisted and thermal PM oxidation reactions.

4. The outlet NO, NO2 and NH3 concentrations were simulated to within +/- 20

ppm of the experimental data for the fourteen PO experiments using the SCR

reaction kinetics and storage parameters.

5. The outlet HC concentrations were simulated to within +/- 10 ppmC of exper-

imental data using HC oxidation reaction kinetics for the four AR experiments.

6. The 60-70 % decrease in PM oxidation rate for the seven PO experiments with

urea injection was simulated to within 5% using a tortuosity value of 8.

7. The filtration e�ciency during PM loading was simulated to within +/- 1.5 %

for all sixteen experiments.

8. The pressure drop across the SCRF® was simulated to within +/- 0.3 kPa for

all the stages in all the 16 experiments using a common set of pressure drop
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and cake permeability parameters. Due to lack of back di↵usion of NO2 and the

high PM oxidation rate, the cake permeability change during AR was observed

to be negligible.

Tables and figures comparing the 2D SCR-F model and experimental data from all

the test points from this dataset are given Appeindx F.

5.4 SCRF® Configuration 2 With and Without

PM Loading Data

The configuration 2 data consisted of twelve experiments with four test points which

were run at 0, 2 and 4 g/l PM loading. Figures 5.15 and 5.16 compare the experi-

mental and model NO, NO2 and NH3 outlet concentrations from Test 1 and 8 with 2

g/l PM loading. The general trends observed in both the cases consist of a decrease

in the outlet NO and NO2 with an increase in the ANR value from 0.8 to 1.2. The

NO2 values for ANR > 0.8 are near zero in both the cases. An increase in NH3 slip

for ANR > 1.0 is also observed.

In Figure 5.15, Test 1 was conducted at a inlet exhaust gas temperature of 218oC.

The low temperature leads to a lower reaction rate and NOx conversion performance

compared to cases with temperature greater than 250 0C. The low adsorption reaction

rate for storage sites 1 and 2 lead to the slow response time of the model to changes

in inlet ANR values. The NH3 slip does not reach steady state in this case while

the NO and NO2 outlet concentration reach steady state for the di↵erent inlet ANR

values implying the presence of the two NH3 storage sites. The first storage site being

responsible for storage of NH3 and NOx reduction by the SCR reactions and the second

site is responsible for only storage of the NH3. The first storage site coverage fraction

(✓3)reaches steady state at t = 8.5 hrs. while the second site continues to increase in

coverage fraction (✓2) up to time t = 9 hrs. at ANR = 1.2. The presence of the second

site enables simulation of the NH3 slip for all the twelve experiments while simulating

the steady state NOx conversion resulting from the first site. The model NH3 slip

characteristics have a deviation compared to experimental data during the transient

portion of the experiment due to wall PM and local NO2/NOx ratio while the NH3

was simulated to within 20 ppm of the experimental value for the twelve configuration

two experiments. The model NH3 concentration in the figure has a smaller slope than

100



www.manaraa.com

DRAFT

the experimental data. The change in slope is due to the calibration of the kinetic

parameters over a wide range of experimental conditions in the calibration process

and the inhibition of the desorption reaction of the second site which is a function of

PM in the wall that changes with time as the PM gets oxidized at the given engine

condition
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Figure 5.15: Inlet and outlet NO, NO2, NH3 concentrations Test 1 inlet
temperature = 206oC, NO2 = 203 ppm, NO = 403 ppm, 2 g/l PM loading
configuration 2

In Figure 5.16, Test 1 was conducted at inlet temperature T = 438oC. Due to the

101



www.manaraa.com

DRAFT

higher exhaust gas temperature, the response time of the model to changes in the

inlet ANR was faster and also the NH3 oxidation reaction played an important role

in the NH3 slip characteristics in this experiment. For all the ANR values, the NH3

and NO, NO2 concentrations reach steady state values within 2 minutes of a ANR

change due to the high adsorption reaction rate. The coverage fraction of the second

storage site is negligible due to the high desorption reaction rate. The outlet NH3 slip

is lower than expected due to a 10 % higher NH3 consumption caused by the NH3

oxidation rate at this higher exhaust temperature.
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Figure 5.16: Inlet and outlet NO, NO2, NH3 concentrations Test 8 inlet
temperature = 438oC, NO2 = 125 ppm, NO = 424 ppm, 2 g/l PM loading
configuration 2

5.4.1 Change in Local NO2/NOx Ratio Inside the Substrate

Wall

The change in the local NO2/NOx ratio as the exhaust gas passes through di↵erent

layers in the SCRF® PM cake + substrate wall control volume plays an important

role in determining the overall NOx conversion performance of the SCRF®. The
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change in NO2/NOx ratio occurs due to NO2 assisted PM oxidation and the SCR

reactions. Figure 5.17 shows the change in the NO2/NOx ratio through the cake and

substrate wall slabs in the SCRF® at the center of the filter. The inlet NO2/NOx

ratio varies in the range of 0.28 - 0.6. In the PM cake at location at y = 0 to -0.7 µm

the ratio decreases by 16% due to the conversion of NO2 to NO by passive oxidation

of the PM in the cake. As the exhaust gas passes through the substrate wall layers

there is a further reduction in the NO2/NOx ratio due to the fast and slow SCR

reactions consuming NO2. The reduction in the NO2/NOx ratio leads to a shift in

contribution of the fast and standard SCR reactions with the standard SCR reaction

being the predominant reaction in the third and fourth wall slab at location y = -1

to -1.2 µm. Th change in contribution of the SCR reaction also leads to a decrease in

the e↵ective NOx reduction e�ciency of the SCRF®. The consumption of NO2 by

the PM cake and the resultant decrease in NO2/NOx ratio is dynamic due to varying

PM cake layer thickness and this phenomena plays an important role to be shown

later in determining the SCRF®+SCR system NOx conversion performance.
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Figure 5.17: Change in local NO2/NOx ratio across PM cake and substrate
wall slabs configuration 2 with PM loading experiments

5.4.2 Contribution of Each SCR Reaction on NOx Reduction

Performance

The NOx reduction in the SCRF® is carried out by the - fast, standard and slow

SCR reactions. The contribution of each of these reactions is a function of NO2/NOx
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ratio with the fast SCR reaction being the preferred reaction pathway in the presence

of equal concentration of NO and NO2 leading to high rate constant. Figure 5.18

compares the SCR reactions rate for the three SCR reactions from Test 6 with 2 g/l

at ANR = 1.0. At time t = 0 to 5.5 hrs and t= 8.1 to 9.5 hrs., the reaction rates are

near zero due to no urea injection during PM loading of the SCRF®. The slow SCR

reaction (green line) is less than 10 % of total NOx reduction, standard SCR reaction

(red line) accounts for 30 % with the remaining 60% from fast SCR reaction (black

line). Similar trends have been observed for all the experiments in the configuration

2 with and without PM loading.
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Figure 5.18: SCR reaction rates for configuration 2 vs time - Test 6 with
2 g/l

5.4.3 Inhibition of SCR Reactions Due to PM Loading

The SCR reactions are inhibited by the mass transfer limitation from the exhaust

gas flow to the catalytic sites due to the PM accumulated in the substrate wall. This

phenomena was modeled using the e↵ectiveness factor concept using the filtration

model to compute the unit collector diameter. Figure 5.19 shows the change in the
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e↵ectiveness factor versus change in PM mass retained in the substrate wall for the

adsorption of the two sites and the three SCR reactions. For the clean wall, the

e↵ectiveness factor is equal to 1 due to no mass transfer limitation. With an increase

in wall PM mass retained, the e↵ectiveness factor decreases due to a increased mass

transfer limitation. The rate of change in e↵ectiveness factor for each of the reactions

is di↵erent due to a change in kinetics for each reaction which were used to simulate the

impact of wall PM on NOx conversion e�ciency for the configuration 2 experiments

with PM loading. Also, the change in the e↵ectiveness factor as a function of wall

PM retained has a di↵erent path during oxidation compared to the loading stage due

to nature of evolution of unit collector diameter from the filtration model which is an

important parameter in calculation of the inhibition.
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Figure 5.19: Change in E↵ectiveness factor for the three SCR reactions
and adsorption reactions on site 1 and 2 vs PM mass retained in the wall

5.4.4 SCR-F Temperature as a Function of Inlet ANR

The energy release by each of the SCR reactions contributes to the axial increase in the

temperature of the exhaust gas in the SCRF®. Figure 5.20 compares experimental

and model 2D temperature distributions at ANR values 0.8, 1 and 1.2 for Test 6 with

2 g/l PM loading.
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The trends observed from the SCR-F model results in these figures are as follows :

1. There is a decrease in inlet exhaust gas temperature with an increase in ANR

value. For ANR 0.8 inlet T = 346 oC, ANR 1.0 T = 345 oC and ANR 1.2 T=

344 oC. This trend is attributed to decrease in exhaust gas temperature due to

evaporation of urea solution in the decomposition tube.

2. The change in exhaust gas temperature across the SCRF® increases with an

increase in inlet ANR due to increase in the SCR reaction rate. For ANR = 0.8

a temperature rise of 13.1 oC at the center of the filter is observed. Similarly

for ANR = 1.0, a temperature rise of 16.2 oC and for ANR 1.2 a temperature

rise of 17.3 oC is observed.

3. The change in temperature rise between ANR 1 to 1.2 is low (1.1 oC) compared

to 0.8 to 1 (3.2oC). This trend is due to the fact that the most of the NOx is

reduced at ANR 1.0 further confirming the fact that temperature rise is due to

the SCR reactions.

4. At the outer edges of the SCRF® the temperature rise is negligible in the axial

direction since the gradient in the model is little a↵ected.

5. The temperature rise is observed to be maximum at axial location 50 to 100

mm with negligible temperature change from 0 to 50 and 100 to end of filter.

Since the temperature distribution was simulated by changing the axial catalyst

loading distribution by dividing the filter into three zones.

107



www.manaraa.com

DRAFT

50 100 150 200 250

Filter length (mm)

-100

-50

0

50

100

F
il

te
r 

ra
d

iu
s

 (
m

m
)

316320324328332 332
336336
340340 344344

348

3
4
8

352

3
5
2

356

3
5
6

316320324328332 332
336336
340340 344344

348

3
4
8

352

3
5
2

356

3
5
6

315

320

325

330

335

340

345

350

355

(a) 2D experimental temperature distribu-
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(b) 2D model temperature distribution at
ANR = 0.8, 5 min. after PO start
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(c) 2D experimental temperature distribu-
tion at ANR = 1.0, 10 min. after PO start
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(d) 2D model temperature distribution at
ANR = 1.0, 10 min. after PO start
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(e) 2D experimental temperature distribu-
tion at ANR = 1.2, 15 min. after PO start
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ANR = 1.2, 15 min. after PO start

Figure 5.20: 2D Temperature distribution experimental and model for Test
6 with 2g/l PM loading, ANR = 0.8, 1 and 1.2
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5.4.5 NOx Reduction E�ciency

Figure 5.21 shows the experimental and model NOx conversion e�ciency for the

twelve configuration 2 experiments at ANR 0.8, 1 and 1.2. A significant variation

in the steady state NOx conversion e�ciency for the same ANR values and same

test point was observed due to a change in the PM loading. This change in the

NOx conversion e�ciency at di↵erent PM loading conditions is a function of local

NO2/NOx ratio inside the substrate wall slabs which is dependent on both PM cake

thickness and SCR reaction rates, inlet exhaust gas temperature and e↵ectiveness

factor for di↵erent SCR reactions based on the amount of PM in the substrate wall.

The dependency of NOx conversion e�ciency on these three factors explains the

variation in NOx conversion trends with PM loading conditions for the di↵erent test

points.

For Test 1, the NH3 oxidation is negligible due to the low inlet exhaust gas tempera-

ture (<2500C) so a reduction in NOx reduction with an increase in the PM loading

is expected. However, due to the decrease in desorption reaction rate for the first

NH3 storage site with an increase in PM loading, the coverage fraction of the first site

increases with an increase in PM loading from 0 to 2 g/l. This increase in coverage

fraction of the first NH3 storage site leads to an increase in NOx conversion e�ciency

with an increase in PM loading for Test 1 as observed in Figure 5.21. From Test 1

at 2 g/l to 4 g/l, a decrease in NOx reduction is observed due to the change in local

NO2/NOx ratio at the substrate wall due to consumption of NO2 by the higher NO2

assisted PM oxidation rate at 4 g/l PM loading compared to 2g/l.

For Test 3, the NH3 oxidation reaction has a significant impact on the NOx reduction

reactions leading to an increase in NOx reduction with a decrease in the PM loading

as observed in Figure 5.21. For this particular case, the NOx reduction is dependent

on both the inhibition of the PM oxidation reaction and desorption reaction leading

to a change in the trends with a change in the ANR value. The decrease in NOx

reduction from 2 g/l to 4g/l is due to a change in local NO2/NOx ratio due to a

higher PM cake passive oxidation reaction rate.

For Test 6, the case with 0 g/l loading, had higher NOx reduction compared to cases

with PM loading due to lower inhibition by PM in the wall. The 2 g/l case had lower

NOx reduction e�ciency due to higher standard SCR reaction rate which competes

with the fast SCR reaction leading to lower overall NOx conversion compared to the 4
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g/l loading where the higher fast SCR reaction leads to higher overall NOx conversion.

For Test 8 with 4 g/l PM loading, the NH3 plays an important role in determining the

overall NOx conversion e�ciency due to the inlet exhaust gas temperature of 440oC.

In this case, the inhibition e↵ect on the NH3 oxidation reaction is dominant at 4 g/l

PM loading leading to higher NOx conversion compared to 2 and 0 g/l PM loading

cases where the NOx conversion e�ciencies are comparable.
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Figure 5.21: NOx conversion e�ciency experimental and model vs ANR
for Configuration 2 data with and without urea injection
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5.5 Summary of Configuration 2 Results

The twelve experiments in configuration 2 with 0, 2 and 4 g/l PM loading were

simulated by the SCR-F model with the common set of SCR kinetics. Important

results from this dataset include:

1. The SCRF® outlet NO, NO2 and NH3 concentrations were simulated to within

20 ppm of the experimental value for di↵erent ANR, temperature, space veloctiy

and PM loading conditions.

2. The inhibition caused by mass transport limitation in the substrate wall due

to PM was simulated for the cases with 2 and 4 g/l PM loading using the

e↵ectiveness factor concept.

3. The 2D temperature distribution for di↵erent inlet ANR values was simulated to

within 5oC for all the experiments using a assumed catalyst loading distribution

and energy release by the SCR reactions in order to simulate the experimental

temperature distribution.

4. The NOx reduction for all the twelve experiments was simulated to within 5%

of experimental values.

5.6 SCRF® Configuration 3 Data

The 2D SCR-F model was combined with a 1D SCR model to simulate the experimen-

tal data collected as part of the configuration 3 studies. The calibration parameters

identified as part of configuration the 1 and 2 for the 2D SCR-F model and the SCR

kinetics found using the baseline SCR data for the 1D SCR model were used for this

dataset. For all the cases, the combined 2D SCR-F + 1D SCR model shown in Figure

5.22 was able to simulate the outlet NO, NO2 and NH3 concentrations to within 20

ppm of the experimental values. The local NO2/NOx ratio at the inlet of the SCRF®
and the SCR were found to be important in determining the NOx conversion perfor-

mance of the system which was limited to a maximum value of 97.5% for the given

system. The NOx conversion of the system and its individual components along with

NH3 storage and slip characteristics are presented in this section.
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Figure 5.22: 2D SCR-F + 1D SCR model - Configuration 3

5.6.1 SCRF®+SCR system NOx Reduction E�ciency

The NOx conversion e�ciency of the system was simulated for the six configuration 3

experiments with inlet temperature of 210 - 367oC. The NOx conversion e�ciency is

a↵ected by a change in local NO2/NOx ratio across the PM cake layer in the SCRF®
due to NO2 assisted PM oxidation reaction and change in NO2 across the substrate

wall due to consumption of NO2 and NOx by the SCR reactions. These reactions lead

to a near zero NO2/NOx ratio at the SCR inlet, limiting the system NOx conversion

performance.

Figure 5.23 compares the model and experimental system NOx reduction e�ciency

of the SCRF® and SCR for the six experiments. In all the cases, the model was

able to simulate the experimental data to within 1.5%. Due to the near zero inlet

NO2/NOx ratio at SCR inlet, the SCR NOx conversion is limited to a maximum of

60% as the pre dominant SCR reaction in the SCR was the standard SCR reaction

for the given conditions. In the case of SCRF®, a conversion e�ciency of 97% was

observed. The combined system e�ciency is limited to 97.7% due to the limitation

of the SCR reactions in the SCR .

The NOx conversion e�ciency in the SCRF® is a function of inlet NO2/NOx ratio

and change in NO2 across the PM cake due to passive oxidation reaction. Table 5.1

shows the change in NO2/NOx ratio across the SCRF®. On average, a 26 % decrease

in the NO2/NOx across the PM cake in the SCRF® due to the passive oxidation

rate is observed. The ratio further decreases to zero at the SCRF® outlet due to the

fast SCR reaction in the substrate wall.
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Figure 5.23: SCRF® and SCR NOx conversion e�ciency vs exhaust gas
temperature for the SCRF®+SCR

Table 5.1
NO2/NOx at SCRF® inlet, SCRF® wall inlet and SCR inlet.

Test SCRF® inlet
NO2/NOx ratio (-)

SCRF® wall inlet
NO2/NOx ratio (-)

SCR inlet
NO2/NOx ratio (-)

A 0.44 0.31 0

C 0.44 0.29 0

E 0.37 0.25 0

B 0.48 0.39 0

D 0.38 0.22 0

1 0.29 0.28 0

The NOx conversion across the SCRF® was found to be a strong function of the

inlet NO2/NOx ratio. Figure 5.24 shows the comparsion between NOx conversion

e�ciency and inlet NO2/NOx ratio for test point C from the configuration 3 dataset.

The NOx conversion e�ciency is shown in the left y-axis and the right y axis shows

the inlet NO2/NOx ratio. At the test point C engine condition, the PM loading was

kept constant at 2 g/l and the temperature at 339oC while the inlet NO2/NOx ratio

113



www.manaraa.com

DRAFT

0 0.5 1 1.5 2

Time (hrs.)

80

82

84

86

88

90

92

94

96

98

100

N
O

x
 c

o
n

v
e
rs

io
n

 e
ff

ic
ie

c
n

y
 (

%
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

S
C

R
-F

 i
n

le
t 

N
O

2
/N

O
x
 r

a
ti

o
(-

)

NO
x
 conv. eff.

SCR-F inlet NO
2
/NO

x
 ratio

Figure 5.24: Simulated NO2/NOx ratio and NOx conversion e�ciency vs
time for Test C inlet data for PM loading 2g/l and inlet temperature 339oC.

was changed in increments of 0.1 from 0.2 to 1.0. The NOx conversion e�ciency

increase with an increase in inlet NO2/NOx ratio from 0 to 0.5 was 94 % to 97.5%.

This increase is due to the increase in the contribution of the fast SCR reaction to

the overall NOx reduction due to higher availability of NO2. For NO2/NOx ratios in

the range of 0.6 to 1.0, the e�ciency decreases from 97.5% to 84%. This decrease in

conversion is due to the increased contribution of the slow SCR reaction due to excess

NO2. Since the slow SCR reaction has a lower rate constant than both the fast and

standard SCR reactions, this regime is undesirable in SCR-F operation. The change

in the NOx conversion e�ciency of the SCRF® coupled with the SCR performance

plays an important role in determining the system performance.

The outlet NO, NO2 and NH3 from the SCRF® were observed to be a function of

the inlet NO2/NOx ratio and inlet temperature. Figure 5.25 shows the change in

these concentrations as the inlet NO2/NOx ratio is changed for the test point C in

increments of 0.1 from 0.2 to 1.0 using the 2D SCR-F model.

The NH3 slip decreases with an increase in the NO2/NOx ratio from 0.2 to 0.5 and a

similar trend is observed for the outlet NO and NO2. From 0.5 to 1.0 the NH3 slip and

the outlet NO2 increase while the NO concentration remains near zero. Maximum

NOx conversion is observed at NO2/NOx ratio = 0.5. The slow SCR consumes more
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Figure 5.25: SCRF® NO2/NOx ratio vs outlet NO, NO2 and NH3 con-
centrations for Test C at ANR = 1.0

NH3 per mole of NOx compared to the standard and fast SCR reactions leading to a

lower NH3 slip per mole of NOx consumed for ratios >0.5.

5.6.2 NH3 Characteristics of SCRF® and SCR

The NH3 slip from the SCRF® and SCR is a function of the storage capacity , inlet

NH3, inlet NO2/NOx ratio, exhaust gas temperature and exhaust flow rate. For all

the experiments in the configuration 3 dataset, the NH3 slip was simulated to within

20 ppm of the experimental value after taking all these factors into account. The set

of parameters used to simulate the data were obtained based on the low temperature

(<300oC) experiments from the configuration 2 dataset.

Figure 5.26 shows the change in NH3 slip as a function of the inlet NO2/NOx ratio

for the test point 5 from reference [5] at ANR = 1.2 where the ratio was changed in

increments of 0.1 from 0 to 0.9. There is a decrease in the NH3 slip with an increase

in the ratio from 0 to 0.5 with 80 ppm slip at 0.5 due to maximum utilization of NH3

for NOx reduction. The red circle represents experimental data from test point C

which was simulated by the model to within 2 ppm in this case. For higher values of
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the NO2/NOx ratio > 0.5, the NH3 slip increases due to lower NOx conversion.
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Figure 5.26: NH3 slip SCR model vs inlet NO2/NOx ratio at ANR = 1.2
for test 5

The maximum storage capacity of the NH3 storage sites is important in determining

the NH3 slip along with the adsorption and desorption reaction rates which are a

function of the inlet exhaust gas temperature. Maximum storage capacity of 43 and

42 gmol/m3 were found for the two storage sites in the SCR. Figure 5.27 shows the

change in coverage fraction of these sites for all the seven baseline SCR experiments

from reference [5] as a function of inlet exhaust gas temperature.

The coverage fraction of both sites increase with an increase in the inlet ANR with

a significant change for ANR > 1.0. The increase in the first storage site coverage

fraction leads to an increase in the NOx conversion e�ciency while the second storage

site controls the amount of NH3 slip. Increased exhaust gas temperature leads to lower

NH3 coverage fraction of both the storage sites due to the higher desorption reaction

rate. The increased temperature leads to a faster response time of the SCR to changes

in the inlet ANR and this decreases the impact of the second storage site on NH3 slip

characteristics. Similar trends were observed for the SCRF®.

Figures 5.28 and 5.29 compare the experimental and model NH3 slip value of the

SCRF® and SCR for all the seven experiments in configuration 3.
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Figure 5.27: Coverage fraction of SCR NH3 storage sites 1 and 2 vs SCR
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Figure 5.28: NH3 slip for SCR-F model and experimental data at ANR =
1.0 vs SCR inlet temperature
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Figure 5.29: NH3 slip for SCR model and experimental data at ANR =
1.0 vs SCR inlet temperature

Using the common set of SCR kinetics found for the 2D SCR-F and 1D SCR model,

the 2D SCR-F + 1D SCR models were able to simulate the experimental data to

within 20 ppm for both the components. The NH3 slip at high temperature (T >

350oC) was found to be impacted by the NH3 oxidation reaction while the transient

response during ANR changes is a function of exhaust gas temperature.

5.6.3 Contribution of Individual SCR Reactions in SCRF®
and SCR

The percentage contribution of each of the three SCR reactions changes with the inlet

NO2/NOx ratio due to the change in available NO2. This change is shown for all the

seven experiments from the baseline SCR data [5] in Figure 5.30.

For experiments with inlet NO2/NOx ratio < 0.35 (Test 8, 1 and 3), the standard SCR

reaction led to 30 - 60% of the NOx conversion. The fast SCR contributed 40 - 70%

with the slow SCR being less than 10% of the total NOx conversion. For experiments

with inlet NO2/NOx greater than 0.35 (Test 2, 4, 5 and 6), the fast SCR reaction
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Figure 5.30: Contribution of the three SCR reactions in the NOx reduction
performance of the SCR from the model at ANR = 1.0

was predominant, accounting for 80 % of total NOx reduction with the standard SCR

accounting for 10 - 20% NOx reduction and the slow SCR reaction around 10 % of

total NOx conversion.

The decrease in standard SCR reaction with inlet NO2/NOx ratio is due to higher

NOx consumption by fast SCR reaction when available NO2 is higher. This shift in

reaction pathways is due to the rate constants of the fast and standard SCR reactions

which favor higher fast reaction when equal concentration of NO and NO2 are available

in the exhaust gas stream. The slow SCR reaction is <10% for NO2/NOx ratios less

than 0.35 due to the lower rate constant. Above this value, a higher contribution is

observed (>10%) due to excess NO2 left after consumption by fast SCR reaction.

With a further increase in the NO2/NOx ratio, the trends indicate a higher fast

SCR reaction till a ratio of 0.5 beyond which the slow SCR starts increasing due

to excess NO2 at the same time the standard SCR decreases to less than 10% total

NOx reduction for these conditions. Figure 5.31 shows these trends for the seven

baseline test points. These runs were made on the 1D SCR model with NO2/NOx

ratio increments of 0.1 from 0 to 0.9 keeping other conditions constant.The trends

observed indicate a strong dependency of NOx reduction performance of the SCR on
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the SCR inlet NO2/NOx ratio. A NO2/NOx ratio of 0.5 was observed to be optimum

for all the cases.
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Figure 5.31: NOx conversion e�ciency vs SCR inlet NO2/NOx ratio from
the model at ANR = 1.0

5.6.4 Impact of local NO2/NOx Ratio on System Perfor-

mance

The change in NO2/NOx ratio has a significant impact on NOx conversion perfor-

mance of the system as observed in Figure 5.31. Table 5.1 shows the change in

NO2/NOx ratio as the exhaust gas passes through PM cake, substrate wall in the

SCRF® and the SCR. At the inlet of the SCRF®, the NO2/NOx ratio is a func-

tion of the DOC NO conversion e�ciency which in turn is a function of exhaust gas

temperature, and space velocity. An inlet NO2/NOx ratio to the SCRF® of 0.29 to

0.48 was observed for the six engine conditions in the SCRF®+SCR experiment. As

the exhaust gas passes through the PM cake, a significant decrease in NO2 concen-

tration takes place due to the passive oxidation of PM. This leads to a decrease in

the NO2/NOx ratio at the SCRF® wall inlet. The change in NO2/NOx ratio across

the PM cake is variable and dynamic and it depends on the exhaust gas temperature,

PM cake thickness and available NO2 in the PM cake. As a result, the e↵ective local
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NO2/NOx ratio changes to a range of 0.22 to 0.39 for the six experiments. At the

SCRF® exit, the NO2 concentration for all cases was observed to be zero leading to

a NO2/NOx ratio at the SCR inlet of zero for all cases.

Figure 5.32 shows the contribution of the three SCR reactions to the overall NOx

conversion in the SCRF® and SCR. For the SCRF®, the fast SCR reaction starts

at 70 % at a ratio of 0.29 and increases to 82 % for a inlet ratio of 0.48. The standard

SCR reaction starts at 30 % but at values greater than 0.38, a significant decrease

occurs to less than 20%. The slow SCR reaction is zero at 0 to 0.38 and beyond this

value, the slow SCR reaction reaches a value of 10 %.

In the SCR where the NO2/NOx ratio is zero for all the cases, the fast and slow

SCR reactions shown in black and blue dotted lines remain near zero due to a lack

of available NO2. The standard SCR reaction contributes to nearly 100 % of all the

NOx conversion e�ciency in the SCR for all experiments.
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Figure 5.32: NO2/NOx ratio vs percent NOx conversion SCRF® and SCR
at ANR = 1.0 from the models

Local NO2/NOx ratio at the SCR inlet was found to be the important parameter that

impacts the system performance in terms of NOx reduction and NH3 slip character-

istics. The lack of NO2 at the inlet to the SCR leads to a condition where the fast

SCR reaction is near zero leading to low NOx reduction (< 70 %) and low adsorption
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of NH3 leading to excess NH3 slip compared to the case with optimal NO2/NOx ratio

of 0.5 at the SCR inlet. This impact is higher at low temperatures (<300oC) where

the standard SCR reaction rate is low. Figure 5.33 and 5.34 show the change in NOx

conversion e�ciency of the downstream SCR for all the experiments for NO2/NOx

ratio = 0 and 0.5 at the SCR inlet using the SCR-F model.
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Figure 5.33: SCR NOx conversion e�ciency vs exhaust gas temperature
for the SCRF®+SCR system with NO2/NOx ratio = 0 (Experimental and
2D SCR-F Model data)
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Figure 5.34: SCR NOx conversion e�ciency vs exhaust gas temperature
for the SCRF®+SCR system with NO2/NOx ratio = 0.5 (2D SCR-F Model
data)

Figure 5.33 compares di↵erent variables at the inlet of the SCR and internal vari-

ables from the SCR model used to simulate the SCR performance for SCR-F + SCR

experiments at NO2/NOx = 0. The top plot shows the experimental and model NOx

conversion e�ciency which were simulated to within +/- 3 % of experimental data.

The second plot shows the inlet NOx and NH3 concentration for each experiment on

the left y axis in ppm. The right y axis shows the inlet ANR for each experiment

which was found to be > 1 for all experiments. The third plot on the left y axis

shows the space velocity in k/hr. which was observed to be less than 50 k/hr. for
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all experiments. The left axis shows the adsorption rate of NH3 onto the catalyst

surface in kmol/m3s. This value was found to be low for NO2/NOx = 0 cases leading

to excess NH3 slip and low NOx conversion e�ciency (< 50%) for most cases.

Figure 5.34 based on the SCR-F model shows the SCR-F model NOx conversion

e�ciency for NO2/NOx = 0.5 with SCR-F + SCR experimental inlet conditions in

the top plot in Figure 5.33 . The second plot in Figure 5.34 shows inlet NOx and NH3

concentrations and inlet ANR similar to Figure 5.33 . The bottom plot has similar

space velocity values as Figure 5.33 however the NH3 adsorption rate for a given

experiment was observed to 2-5 time higher compared to NO2/NOx = 0 case due to

lower coverage fraction and higher NH3 consumption by fast SCR reaction leading to

> 90% NOx conversion in all the cases except for T>360oC, where the NH3 oxidation

leads to a lower NOx conversion rate of 87%.

The main reasons for the observed trends in Figures 5.33 and 5.34 are as follows:

1. Low inlet concentration of NH3 in Figure 5.33 into the SCR led to low adsorp-

tion rate caused by mass limitation for the given flow rate conditions. This

mass transfer limitation led to < 50 % NOx conversion for the SCR-F + SCR

experiments which is consistent with the experimental data.

2. For NO2/NOx = 0.5, the mass transfer limitation was overcome due to the

fast SCR reaction which increased the NH3 adsorption to a value where the

mass transfer limitation was not observed to be a limitation leading to NOx

conversion > 90% as shown in Figure 5.34.

3. At T > 350oC, the NH3 oxidation led to a decrease in NOx conversion for the

NO2/NOx = 0.5 case as shown in Figure 5.34.

It can be observed that for the low temperature experiments (T < 300oC) up to a 70

% increase in NOx conversion e�ciency can be achieved with a optimum NO2/NOx

ratio while for experiments with T > 350oC, a 30 - 50 % increase is expected. This

increase in downstream SCR performance leads to a increase in system NOx con-

version performance from 97.7% to 99.5% which is required for a potential system

that can achieve the ultra-low NOx standard. Increasing the NOx conversion in the

SCR by optimum NO2/NOx ratio could increase the low temperature performance of

the system significantly since the fast SCR reaction rate is higher compared to the

standard SCR reaction at temperatures less than 350oC.
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5.7 Summary of Configuration 3 Results

The 2D SCR-F+1D SCR model was able to simulate the NO, NO2 and NH3 SCR

outlet concentrations to within 15 ppm of the experimental data for all the eight

experiments used. The major findings from modeling this dataset are:

1. A maximum NOx conversion e�ciency of 97.5 % at an inlet NO2/NOx ratio of

0.5 was found for the downstream SCR using the baseline data from reference

[5].

2. Significant SCR NH3 slip (> 30 ppm) for ANR > 1.0 was observed.

3. The change in NO2/NOx ratio by 26% across the PM cake played an important

role in determining the system NOx conversion e�ciency.

4. The SCRF® outlet NO2/NOx ratio was observed to be zero for the given engine

conditions which limits the SCR NOx reduction performance to a maximum

value of 60 % and at low temperatures (<300oC) further decrease to less than

50 % has been observed.

5. The combined e�ciency of the SCRF®+SCR system was limited to 97.7 %.

6. The system performance can be improved by increasing the NO2/NOx ratio at

the SCR inlet.

7. NH3 slip in the SCRF®+SCR system is significant due to the low NOx con-

version rate in the downstream SCR.

The ultra low NOx system SCRF®+SCR described and modeled in Chapter 7 is a

system that can overcome the limitation of the SCRF®+SCR system by adding a

second DOC between the SCRF® and SCR and a second urea injector before the

SCR. This improved system has the potential to achieve >99.5% NOx reduction for

all engine conditions with a robust control system for the urea inectors.
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Chapter 6

SCR-F State Estimator

This chapter describes the development of a discrete time SCR-F model and an Ex-

tended Kalman Filter (EKF) SCR-F state estimator. The SCR-F state estimator is

combined with an EKF DOC estimator [42] to develop a system estimation strategy.

The SCR-F estimator model is based on the 2D SCR-F model in terms of inputs,

states and outputs. It was discretized using Euler integration for the energy and

chemical species conservation equations. The states estimated in the SCR-F estima-

tor are:

1. Temperature distribution of the substrate wall and the exhaust gas in both the

inlet and outlet channels.

2. Spatial distribution of PM mass retained in the PM cake

3. Spatial distribution of the NH3 stored in sites 1 and 2.

As the state estimator is expected to execute much faster than a typical controller

update period hence the mesh size was reduced to 5x5 instead of the 10x10 mesh

used in the analysis of the previous chapters. The governing equations of the species

and energy conservation in both the inlet and outlet channels were simplified using

a quasi steady state solution to further speedup the model. The model reduction

strategy resulted in model with an execution time that is 16 times faster than real

time.
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6.1 SCR-F Estimator Model

The SCR-F estimator model was developed based on the 2D SCR-F model to reduce

the computational cost when using the fixed time step solver. This SCR-F estimator

model shown in Figure 6.1 uses a mesh consisting of 5 radial and 5 axial zones with

4 slabs in the substrate wall, instead of the 10x10 mesh with 4 slabs that was used

in the 2D SCR-F model described in the previous chapters. The species model was

modified based on the assumption that the species conservation equation solution was

quasi steady state with an iterative solution at every time step. This converts the

concentration states into output quantities. Both of these changes led to a model that

is 16 times faster than real time with a fixed time step of 1 second and a maximum

deviation of 3% from the 2D SCR-F model for all the engine conditions.

Exhaust In Exhaust Out

Figure 6.1: SCR-F estimator model 5X5 mesh

6.1.1 SCR-F Estimator Model Governing Equations

The steady state species conservation equation for the PM cake and substrate wall

domains, given by Equation 6.1 [37], was used for the SCR-F estimator model.

avw
dCi

dx
� d

dx

✓
Dia

dCi

dx

◆
=
X

j

⇠i,jRj (6.1)

Equation 6.1 was solved iteratively for each zone for the PM cake and 4 slabs in the

substrate wall to compute the change in chemical species concentrations. The change

in the solution procedure to steady state enabled a reduction in the number of states

in the model.
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The exhaust gas temperature equations for the inlet and outlet channels were modified

into a steady state form thus ignoring the transient terms which have a negligible

impact (<3%) on the overall temperature distribution. The resultant system of energy

conservation equations is shown in Equations 6.2 to 6.4

⇢gcp(a� t̄s l)
2v1T1|i,j � ⇢gcp(a� t̄s l)

2v1T1|i,j�1 = Q̇1|i,j � ⇢gcp4a�LvwT1|i,j (6.2)

(⇢cCcVc + ⇢fCfVf )
dT

dt
= ⇢gCpa�Lvw(T1 � Tf ) + Q̇cond,axial + Q̇cond,radial+

Q̇cond,conv + Q̇amb + Q̇reac,SCR + Q̇reac,HC + Q̇reac,PM

(6.3)

⇢gcpa
2v2T2|i,j � ⇢gcpa

2v2T2|i,j�1 = Q̇2|i,j � ⇢gcp4a�LvwTf |i,j (6.4)

This reduction in the number of states increased the model performance. The sim-

plification of the channel energy conservation equations to steady state reduced the

sti↵ness of the system enabling a fixed time step solver with a 1 second time step.

The detailed description of the terms in these equations is given in Chapter 3 section

3.3.4.

6.1.2 SCR-F Estimator Model Results

The results from the SCR-F estimator model were compared against the output from

the 2D SCR-F model to determine the e↵ect on model accuracy caused by the simpli-

fication of the species conservation equation, energy conservation equations and the

coarser mesh that was used for the temperature and species models. Figures 6.2 to

6.11 compare the SCR-F estimator model output from the configuration 1 with urea

injection experimental data and output with the 2D SCR-F model. All the results

shown are from the Test PO-C test condition at inlet temperature T = 347oC and

inlet NO = 387 ppm, NO2 = 301 ppm with an inlet ANR = 0.98 during passive

oxidation.
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The SCR-F estimator model development was validated against the 2D SCR-F model

output for all the seven configuration 1 experiments with urea injection. In all the

cases, the SCR-F estimator model output variables were within 3% of the 2D SCR-F

model.

Figure 6.2 compares the total pressure drop of the 2D SCR-F model (dotted blue

line), SCR-F estimator model (blue line) against the experimental pressure drop data

(dashed red line) for Test C in configuration 1 data. The components of the total

pressure drop - cake (yellow line), wall (violet line) and channel (green line) from the

SCR-F estimator model are also shown in the plot.
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Figure 6.2: SCR-F estimator model pressure drop vs time PO - C with
urea injection

For the entire duration of the experiment, the SCR-F estimator model simulated

pressure drop within 0.01 kPa of the 2D SCR-F model and within 0.3 kPa of the

experimental data. For time t = 0 to 5.5 hrs., the pressure drop increases due to an

increase in the PM mass retained in the SCRF®. At time t = 5.5 to 8 hrs., due

to PM oxidation, the pressure drop decreases. Also, the change in the slope of the

pressure drop curve at 7 hrs is due to the cake permeability change which is simulated

by the SCR-F estimator model. In the post loading stages at time t = 8 to 9.4 hrs.,

the pressure drop increases due to the accumulation of PM in the cake and the wall.

The change in pressure drop slope due to cake permeability and wall PM oxidation
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are simulated by the SCR-F model for the post loading stages.

The filtration characteristics of the SCRF® from the 2D SCR-F model and the

SCR-F estimator model are shown in Figure 6.3.
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Figure 6.3: SCR-F estimator model filtration e�ciency vs time PO - C
with urea injection

The SCR-F estimator model was able to simulate the 2D SCR-F model filtration

e�ciency to within 0.01 % for the entire duration of the experiment. The experimental

filtration e�ciency value at stage 2 (violet circle) was simulated to within 0.1 %. The

change in wall filtration e�ciency due to PM oxidation and transition from deep bed

to cake filtration were simulated by the SCR-F estimator model at time t = 8 hrs

and t = 0.5 hrs respectively.

Figure 6.4 compares the experimental and SCR-F estimator model PM mass retained.

The SCR-F estimator model (blue line) was able to simulate the PM mass retained

to within +/-2 g of experimental data (red circle) and within 0.1 gm of 2D SCR-F

model (dotted green line). Figure 6.5 compares the SCR-F estimator model outlet

exhaust gas temperature (blue line) with the 2D SCR-F model (dotted yellow line) and

experimental temperature (red line). For the entire run, the SCR-F estimator model

was able to simulate exhaust temperature to within +/-2 oC of the experimental data

including the PO stage where a 5 oC rise in exhaust gas temperature due to SCR
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reactions was simulated.
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Figure 6.4: SCR-F estimator model PM mass retained vs time PO - C
with urea injection
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Figure 6.5: SCR-F estimator model outlet temperature vs time PO - C
with urea injection
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Figures 6.6, 6.7 and 6.8 compare the experimental (red circles) and SCR-F estimator

model (blue Line), 2D SCR-F model (yellow dashed line) outlet NO, NO2 and NH3

concentrations. In all the cases the SCR-F estimator model was able to simulate the

outlet concentrations to within 20 ppm of the experimental data and within 1 ppm

of the 2D SCR-F model.
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Figure 6.6: SCR-F estimator model outlet NO concentration vs time PO
- C with urea injection
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Figure 6.7: SCR-F estimator model outlet NO2 concentration vs time PO
- C with urea injection
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Figure 6.8: SCR-F estimator model outlet NH3 concentration vs time PO
- C with urea injection
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The 2D temperature and PM mass distribution from the experimental data and SCR-

F estimator model are shown in Figures 6.9, 6.10 and 6.11. The SCR-F estimator

model was able to simulate the 2D temperature distribution to within 5oC of experi-

mental data.
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Figure 6.9: Experimental 2D temperature distribution - PO - C with urea
injection
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Figure 6.10: SCR-F estimator model 2D temperature distribution PO - C
with urea injection
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Figure 6.11: SCR-F estimator model 2D PM mass distribution PO - C
with urea injection

6.2 SCR-F State Estimator

The SCR-F state estimator was developed using the SCR-F estimator model described

above with the following execution steps:

1. Create the SCR-F estimator model where the species states are computed alge-

braically such that the model can be solved using a fixed time step integration

scheme.

2. Develop the state estimator equations: Jacobian equations for temperature,

NH3 coverage fraction and PM mass retained states.

3. Validate the estimator using 2D SCR-F model data [49].

The discretized form of the temperature, chemical species and PM mass retained

equations used in the SCR-F state estimator are given by equations 6.5 to 6.9 as

described in references [53], [44], [54]
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[Ti,j]k = [Ti,j]k�1
+

Q̇cond,axial,i,j + Q̇cond,radial,i,j + Q̇conv,i,j

(⇢scsV si,j + ⇢fcfV fi,j)
�t+

Q̇reac,PM,i,j + Q̇reac,HC,i,j + Q̇reac,SCR,i,j

(⇢scsV si,j + ⇢fcfV fi,j)
�t

(6.5)

Ci,r = Ci,r�1 �
�x

✏u
RRi (6.6)

✓j,k = ✓j,k�1 +
nX

k=1

✏k,jRRk,j�t (6.7)

�Pest.cake = �PTotal ��PchannelSCR�Fmodel ��PwallSCR�Fmodel (6.8)

mcake,i,j =
�Pest,cakeks
µwvw�La⇢p

(6.9)

Equation 6.9 is used to determine the PM mass retained in the PM cake for a given

zone based on cake pressure drop component computed from the pressure drop sen-

sor data in Equation 6.8, density of PM (⇢p) and cake permeability (ks). Detailed

description of these terms is given in Chapter 3.

The list of estimated states are shown in the Equation 6.10. Where T1,k represents

the temperature states in the substrate wall. ✓1,1,k and ✓2,1,kare the storage fractions
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of site 1 and 2. m1,k is the PM mass retained state in the PM cake.

xk =

8
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

T1,k

.

.

T25,k

✓1,1,k

.

.

✓1,25,k

✓2,1,k

.

.

✓2,25,k

m1,k

.

.

m25,k

9
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>=

>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>;

(6.10)

The steps involved in implementing the Extended Kalman Filter (EKF) algorithm

are described in Equations 6.11 to 6.12 based on reference [55] .

xk = fk�1(xk�1, uk�1, wk�1) (6.11)

yk = hk(xk, vk) (6.12)

The function fk�1 is used to compute the various internal states such as temperature

distribution of substrate wall, exhaust gas in the inlet and outlet channel, PM mass

retained in the PM cake and substrate wall, NH3 coverage fraction in both the storage

sites for all the zones. wk and vk represent the process and observation noises in the

system. The process noise was assumed to be zero and the measurement noise was

assumed b be zero mean and Gaussian with coavairance 0.1 based on reference [54].

Steps 1 to 5 with Equations 6.13 to 6.21 are followed for every time step to obtain
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the optimal Kalman gain matrix and state estimates. Kalman update steps :

Step 1 - Compute the partials for Fk and Lk matrices :

Fk =
@fk�1

@x
|xk�1,uk�1

(6.13)

Lk =
@fk�1

@x
@w|xk�1,uk�1

(6.14)

Step 2 - Predict the state and error variance :

x�
k = fk�1(x

+

k�1
, uk�1, 0) (6.15)

P�
k = Fk�1P

+

k�1
F T
k�1

+ Lk�1Qk�1L
T
k�1

(6.16)

Step 3 - Compute the Hk and Mk matrices :

HK =
@hk

@x
|x� (6.17)

MK =
@hk

@v
|x� (6.18)

Step 4 - Optimal Kalman gain calculation :

Kk = P�
k HT

k (HkP
�
k HT

k +MkR
�
k M

T
k )

�1 (6.19)

Step 5 - Compute state estimate and covariance :

x�
k = x�

k +Kk(Yk � hk(x̄k, 0) (6.20)

P+

k = (I �KkHk)P
�
k (I �KkHk)

T +KkRkK
T
k (6.21)

The experimental data from the SCRF® pressure drop, SCRF® outlet temperature

and NOx sensors was added to the estimator along with the EKF that was described

above. The states calculated using the above equations are then used to calculate

the outlet quantities such as outlet exhaust gas temperature, NO, NO2 and NH3

concentrations, filtration e�ciency, PM mass retained and pressure drop across the

SCRF®. Equations 6.22 to 6.24 are used for these calculations.
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6.2.1 Outlet value calculations

Outlet temperature

The exhaust gas outlet temperature is a function of inlet temperature Tin and the

internal substrate wall temperatures Ti,j which are computed based on energy con-

servation equations in the inlet, outlet channels and substrate wall. Equation 6.22

shows the function g used to compute the outlet temperature.

Tout = g1(Ti,j, Tin) (6.22)

NOx and NH3 outlet concentrations

The outlet NOx,out concentration is a function of the coverage fraction of the two

NH3 storage sites ✓1,i,j and ✓2,i,j states and substrate wall temperature states Ti,j.

The inlet concentration of NO, NO2 and NH3 and inlet exhaust gas temperature are

also used to compute the outlet concentrations using function g shown in Equation

6.23

NOx,out = g2([✓1,i,j, ✓2,i,j, Ti,j], [CNO,in, CNO2,in, CNH3,in, Tin]) (6.23)

SCR-F pressure drop

The pressure drop across the SCR-F �P is a function of the PM mass retained

states in the wall and PM cake and substrate temperature states Mi,j, Ti,j. The inlet

quantities of NO, NO2 and NH3 concentrations and exhaust gas temperature are also

used in function g of Equation 6.24 to compute the pressure drop.

�P = g3([Mi,j, Ti,j], [CNO,in, CNO2,in, CNH3,in, Tin]) (6.24)
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6.2.2 Jacobian calculations

The Jacobians used for calculating the Kalman gain matrix for the temperature, NH3

coverage fraction and PM mass retained states are listed below in equations 6.25 to

6.27.

Temperature - Equation 6.25 is used to compute the partial of the substrate temper-

ature states with respect to substrate temperature T and coverage fraction of the two

NH3 storage sites ✓1 and ✓2. These jacobians are used to compute the kalman gain for

the substrate temperature state which is used with the SCR-F outlet thermocouple

measurement to estimate the substrate temperature.

@T

@T
,
@T

@✓2
,
@T

@✓2
(6.25)

NH3 coverage fraction - The NH3 coverage fraction sites 1 and 2 ✓1 and ✓2 are com-

puted based on NOx sensor reading and Kalman gain computed using jacobians in

Equation 6.26 where the relationship between temperature, and coverage fraction of

the two NH3 storage sites is used.

@✓1
@✓1

,
@✓1
@✓2

,
@✓1
@T

,
@✓2
@✓2

,
@✓2
@✓2

,
@✓2
@T

, (6.26)

PM mass retained - The PM mass retained states in the PM cake M are computed

based on pressure drop sensor measurements and kalman gain computed based on

jacobians in Equations 6.27. The pressure drop is a function of temperature and PM

mass retained leading to the two components in the equation.

@P

@T
,
@P

@m
(6.27)

6.2.3 State Estimator Results

Figures 6.12 to 6.21 show the results from the SCR-F state estimator. The results

focus on three aspects of the estimator performance based on the three sensors used
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to correct the internal states being predicted.

1. Temperature distribution states estimated using the SCRF® outlet exhaust

gas thermocouple

2. PM mass retained states estimated using pressure drop sensor

3. NH3 coverage fraction states for storage sites 1 and 2 were estimated using

outlet NOx sensor

The comparison of each variable consists of output from four cases - 1) experimental

data collected on the SCRF® with the Cummins 2013 ISB engine, 2) output from

the 2D SCR-F model, 3) Open loop SCR-F estimator case where the estimator model

output is used with the Kalman gain = 0 thus removing feedback from the sensors,

4) Closed loop SCR-F estimator with feedback from sensors.

For each of the estimated variable such as exhaust gas temperature, PM mass retained

in the cake and outlet NO, NH3 concentrations, one of the underlying parameter has

been changed in the state estimator to introduce errors in the plant model estimates.

These errors can be observed from the open loop state estimator output due to the

lack of outlet sensor feedback. In the closed loop estimator case due to feedback from

the outlet sensor data the outputs are in agreement with experimental data due to

accurate internal state prediction.

6.2.4 Temperatures States

Figure 6.12 compares the experimental SCRF® outlet exhaust gas temperature for

Test 6 with 2 g/l loading against the 2D SCR-F model and SCR-F state estimator

output.
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Figure 6.12: SCR-F State estimator outlet temperature vs time (estimator
o↵ and on case) Test 6 with 2g/l PM loading

The 2D SCR-F model (blue Line) output is within 3oC of the experimental data (red

dotted line) for the entire duration. For the open loop SCR-F estimator (yellow Line)

the ambient heat transfer coe�cient was increased by 5 % to simulate an error in

the system leading to a 15oC decrease in temperature. In the closed loop estimator

(violet line) due to feedback from the SCR-F outlet thermocouple data the output

was observed to be within 2oC of the experimental data for the entire duration of the

experiment.

The feedback applied from the thermocouple is higher for the cases with urea injec-

tion where the temperature rise due to the chemical reactions further increases the

uncertainty in temperature state estimation caused by the wrong value of ambient

heat loss. Apart from compensating for the heat transfer coe�cient increase by 5%,

the estimator is also compensating for the zero mean Gaussian noise that was added

to the outlet thermocouple data.

Figures 6.13 to 6.16 compare the 2D experimental temperature distribution with the

temperature distributions from the 2D SCR-F model and the SCR-F state estimator

open and closed loop cases described in the Figure 6.12. The role of ambient heat

transfer and the sensor feedback from output thermocouple for the estimation of the

unknown internal temperature states in the SCRF® can be clearly observed in these

plots. These temperature distributions play an important role in determining the

final PM mass and NH3 coverage fraction distributions.
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Figure 6.13: SCRFr experimental temperature distribution 5 minutes
after start of Passive oxidation in Test 6 with 2g/l PM loading

Figure 6.13 shows the experimental temperature distribution from Test 6 with 2g/l

PM loading. A temperature rise of 16oC from 344 to 360 oC is observed. This

temperature rise is primarily due to the energy release by the three SCR reactions.

A decrease in the exhaust gas temperature is observed at radial location above 100

mm due to the heat loss to the ambient and radial conduction through the substrate

material.

Figure 6.14 shows the 2D SCR-F model temperature distribution from Test 6 with

2g/l PM loading. The model was able to simulate the experimental temperature

distribution to within 5o using energy release from the SCR reactions, heat loss to

ambient and conductivity of the filter. The catalyst loading in the filter was changed

to simulate the temperature rise at axial location between 50 to 100 mm.
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Figure 6.14: 2D SCR-F model temperature distribution 5 minutes after
start of Passive oxidation in Test 6 with 2g/l PM loading

Figures 6.15 and 6.16 compare the SCR-F state estimator temperature distribution

for the estimator open and closed loop cases. In both the cases, the axial rise in

temperature of 16oC was simulated with energy release by SCR reactions. For the

open loop estimator due to the 5 % higher ambient heat transfer coe�cient, the radial

temperature drop at radius greater than 100 is higher 30oC compared to 20oC in the

closed loop estimator. This higher heat transfer coe�cient leads to a change in the

shape of the temperature distribution and deviation with respect to experimental

data is 10oC. For the Figure 6.16 the thermocouple data feedback reduces the state

estimation error to within 5oC of experimental data.
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Figure 6.15: SCR-F state estimator temperature distribution 5 minutes
after start of Passive oxidation in Test 6 with 2g/l PM loading with open
loop estimator
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Figure 6.16: SCR-F state estimator temperature distribution 5 minutes
after start of Passive oxidation in Test 6 with 2g/l PM loading with closed
loop estimator

145



www.manaraa.com

DRAFT

6.2.5 PM Mass Retained States and Pressure Drop

Figures 6.17 and 6.18 show the PM mass retained and pressure drop from the SCR-

F state estimator. A comparison of the experimental data with 2D SCR-F model

and state estimator was carried out. For the state estimator, the pre exponential of

the PM cake passive oxidation reaction was reduced by 5% resulting in a reduced

PM oxidation rate, higher PM mass retained and pressure drop for the open loop

estimator. For the closed loop estimator due to feedback from the pressure drop

sensor with Kalman gain an accurate estimation of PM mass retained states was

achieved.
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Figure 6.17: SCR-F PM mass retained vs time (Experimental, 2D SCR-F
model, SCR-F state estimator) Test 6 with 2g/l PM loading

In Figure 6.17, the 2D SCR-F model (blue line) was able to simulate the PM mass

retained to within 2g of the experimental value (red circle) for the entire duration of

the experiment. The open loop estimator (yellow line) had a higher value compared

to the model due to the lower PM oxidation rate leading to a deviation of +2.5 g

compared to the experimental data. For the closed loop estimator with the feedback

from the pressure drop sensor, the estimated PM mass retained (violet line) was

within 1.5 gm of the experimental data. The pressure drop sensor feedback is applied

to the PM mass retained states based on the cake pressure drop component computed

from the experimental pressure drop sensor data and estimator mdoel wall, channel
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pressure drop components.
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Figure 6.18: SCR-F pressure drop vs time (Experimental, 2D SCR-F
model, SCR-F state estimator) Test 6 with 2g/l PM loading

In Figure 6.18, the 2D SCR-F model pressure drop (red line) is within 0.3 kPa of

experimental data (blue dotted). Due to error in PM mass retained in the PM cake,

the estimator pressure drop for the open loop estimator (yellow line) is significantly

higher (+ 0.5 kPa). In the closed loop estimator with feedback from the pressure

drop sensor due to the reduced error in PM mass retained, the estimator pressure

drop (violet line) is within 0.2 kPa of the experimental data.

Figure 6.19 shows the resultant state estimator PM mass distribution which is a func-

tion of the temperature distribution, NH3 coverage fraction distribution and feedback

from the pressure drop sensor.
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Figure 6.19: SCR-F state estimator 2D PM mass distribution Test 6 with
2g/l PM loading

6.2.6 NH3 Coverage Fraction States (✓1,✓2) and Outlet NO,

NO2, NH3 Concentrations

Figures 6.22 to 6.21 compare the experimental, 2D SCR-F model and state estimator

outlet NO, NO2, NH3 and NH3 coverage fraction of sites 1 and 2 for Test 6 with 2 g/l

PM loading. The outlet concentrations are a function of the coverage fraction of the

two storage sites with the first site being responsible for outlet NOx concentration

and second site determining the NH3 slip from the SCRF®. The 2D SCR-F model

(red line) was able to simulate the outlet concentrations to within 20 ppm of the

experimental data (dotted blue line) for all the cases. The pre exponentials of the

first and second storage site adsorption rates were reduced by 5 % leading to a decrease

in both the coverage fraction and increase in NH3 slip and NO, NO2 concentrations

in the open loop estimator (yellow line). For the closed loop estimator with outlet

NOx sensor feedback (violet line) for NH3 coverage fraction of site 1 (✓1) and site

2 (✓2), the resultant outlet concentrations were within 5 ppm of experimental data.

The Gaussian zero mean noise added to the sensor was also filtered.

Figures 6.20 and 6.21 show the internal states of the NH3 coverage fraction for both

the NH3 storage sites. In both the cases, for the open loop estimator due to reduced

adsorption rate, the coverage fraction (red line) reduced significantly compared to

the 2D SCR-F model (blue line). For the closed loop estimator using the feedback
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Figure 6.20: SCR-F NH3 coverage fraction site 1 vs time (Experimental,
2D SCR-F model, SCR-F state estimator) Test 6 with 2g/l PM loading
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Figure 6.21: SCR-F NH3 coverage fraction site 2 vs time (Experimental,
2D SCR-F model, SCR-F state estimator) Test 6 with 2g/l PM loading

from the NOx sensor (yellow line), the coverage fraction values increased. These new

values represent a more accurate estimate of the these internal states compared to

the 2D SCR-F model based on the outlet NOx sensor data. This accurate prediction

of these internal states led to the improved prediction of outlet NO, NO2 and NH3

concentrations compared to the 2D SCR-F model (10 ppm vs 20 ppm) as observed

in Figure 6.22, 6.23 and 6.24.
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Figure 6.22: SCR-F outlet NO vs time (Experimental, 2D SCR-F model,
SCR-F state estimator) Test 6 with 2g/l PM loading
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Figure 6.23: SCR-F outlet NO2 vs time (Experimental, 2D SCR-F model,
SCR-F state estimator) Test 6 with 2g/l PM loading

150



www.manaraa.com

DRAFT

10.6 10.7 10.8 10.9 11 11.1 11.2 11.3 11.4
0

100

200

300

400
Experimental out.

2D SCR-F Model out.

SCR-F state estimator (Open loop)

SCR-F state estimator (Closed loop)

15.6 15.7 15.8 15.9 16 16.1 16.2

Time(hrs)

0

50

100

150

200

N
H

3
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental out.

2D SCR-F Model out.

SCR-F state estimator (Open loop)

SCR-F state estimator (Closed loop)

Figure 6.24: SCR-F outlet NH3 vs time (Experimental, 2D SCR-F model,
SCR-F state estimator) Test 6 with 2g/l PM loading
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6.3 DOC+SCR-F State Estimator

The DOC + SCR-F state estimator was created by combining and existing 1D DOC

state estimator from reference [54] with the 2D SCR-F state estimator. The outlet

NO, NO2, HC concentrations and exhaust gas temperature from the DOC model

were used as inputs for the SCR-F model to simulate the SCRF® performance and

estimate the internal states. Figure 6.25 shows the schematic of a system with the

DOC - SCR-F state estimator.

Engine
(Cummins ISB 2013

260 hp)
DOC Decomposition

Tube
SCR � F
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Urea Injection

Signal

To actuators : Fuel
dosing post fueling

NOx/O2 sensor PM sensor/ECUMap
Urea Injector

SCR � F inlet
temperature sensor

Pressure drop
sensor

SCR � F outlet
temperature sensor

Outlet NOx

sensor
Mixer

DOC State Estimator SCR � F State Estimator

HC, NO2

temp. inlet

Inputs for DOC state estimator

Inputs for SCR � F state estimator

PM mass retained,
Temperature,

NH3 coverage fraction
Distribution and �P

Figure 6.25: DOC+SCRF® system

The ECU provides the necessary inputs to both the estimators using NOx, delP sensor

and the thermocouple data. Some of the input quantities that are not measured such

as PM concentration are supplied from lookup tables by the ECU. The DOC estimator

makes use of the input data from the ECU and the thermocouple data to estimate the

DOC outlet NO, NO2 and HC concentrations and exhaust gas temperature. These

quantities are supplied along with other inputs from the ECU to the SCR-F state

estimator.

The SCR-F state estimator uses the input data and outlet NOx sensor, pressure drop

sensor and thermocouple data to estimate the internal states of the 2D temperature,

NH3 coverage fraction and PM mass distributions. The outlet NO, NO2 and NH3

concentrations, pressure drop across SCRF® and exhaust gas temperature are also

estimated.

152



www.manaraa.com

DRAFT

6.3.1 DOC+SCR-F State Estimator Results

Figures 6.26 to 6.29 compare the estimator and experimental outlet NO, NO2, NH3

concentrations and exhaust gas temperature for Test 6 without PM loading from

configuration 2 dataset.

The NO and NO2 outlet concentrations were simulated to within 20 ppm of the

experimental values. In order to predict these values, the DOC estimator simulated

the conversion of NO to NO2 using the NO oxidation reaction. These DOC outlet

quantities were given as input to the SCR-F state estimator with SCRF® inlet NH3

concentrations at ANR 0.8, 1 and 1.2. The SCR-F state estimator used the SCRF®
outlet thermocouple and NOx concentrations to predict the NO and NO2 quantities

shown in Figures 6.26 and 6.27.
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Figure 6.26: DOC-SCRF® outlet NO concentration experimental and
estimator vs time Test 6 0g/l PM loading
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Figure 6.27: DOC-SCRF® outlet NO2 concentration experimental and
estimator vs time Test 6 0g/l PM loading

The NH3 slip shown in Figure 6.28 was predicted by the DOC-SCR-F estimator to

within 20 ppm of experimental value based on correction from the outlet NOx sensor

using the two site NH3 storage model.
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Figure 6.28: DOC-SCRF® outlet NH3 concentration experimental and
estimator vs time Test 6 0g/l PM loading

The outlet temperature shown in Figure 6.29 was predicted based on DOC and

SCRF® outlet temperature data and energy release by the SCR reactions. The
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estimator was able to simulate the DOC-SCRF® outlet temperature to within 2 oC

with temperature rise with a increase in ANR value.
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Figure 6.29: DOC-SCRF® outlet exhaust gas temperature experimental
and estimator vs time Test 6 0g/l PM loading
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Chapter 7

Ultra Low NOx Aftertreatment
System

The SCRFr+ SCR results discussed in Chapter 5 led to a conclusion that the SCR

placed downstream of the SCR-F had low NOx conversion performance due to the low

NO2/NOx ratio. In order to overcome this limitation, a new aftertreatement system

configuration is introduced here that can maintain optimum inlet NO2/NOx ratio of

the SCR-F, SCR and achieve ultra low outlet NOx objectives. The system uses a

second DOC (DOC2) downstream of SCR-F to boost the SCR inlet NO2/NOx ratio

by using the NO oxidation reaction. This chapter describes such a system consisting

of a DOC, SCR-F, DOC2 and a SCR with two urea injectors and decomposition

tubes. This system along with a cold start system has the potential to meet the

NOx reduction levels required to meet the proposed CARB standard of 0.02 g/bhp-

hr. In addition, the urea dosing control strategy is robust to changes in engine

operation. Southwest Research Institute (SwRI) has been carrying out research on

similar systems that would meet the 0.02 g/bhp-hr. as described in references [45]

[56] using a close couple SCR with a DOC, SCR-F and SCR.

7.1 Aftertreatment Systems

This section describes the production aftertreatment system and several aftertreat-

ment systems using the SCR-F and other components. Di↵erent combinations of
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DOC, SCRF®, SCR and AMOX are used to reduce emissions from diesel engines

with each system having their distinct advantages and disadvantages. Based on a

modeling and analysis of these systems, an improved aftertreatment system has been

proposed and modeled that can potentially meet ultra low NOx standard.

7.1.1 Production System

Typical production heavy-duty diesel aftertreatment system for on-highway vehicles

consists of a diesel oxidation catalyst (DOC), catalyzed particulate filter (CPF), a

selective catalytic reduction (SCR) device and an ammonia oxidation (AMOX) cat-

alyst as show in Figure 1.2. This system has been used in production since 2010 to

remove CO, HC, NOx and PM emissions from diesel engine exhaust.

The DOC is used to oxidize CO, HC and NO and to oxidize the dosed fuel from the

fuel doser in order to enable periodic regeneration of the CPF to remove the excess

PM retained in the CPF. The CPF is used to filter and oxidize the PM emissions.

Urea is injected into the exhaust gas using the injector and is mixed with exhaust

gas using the mixer in a decomposition tube where the urea decomposes to form

NH3, CO2 and H2O. The SCR reduces NOx emissions into N2 and H2O by reduction

reactions between NH3, NO and NO2. The AMOX oxidizes the NH3 that slips out of

the SCR. In both the CPF and SCR, an optimum ratio of NO2/NOx from 0.5-0.6 is

required for passive PM oxidation and fast SCR reactions respectively to maximize

the performance of these devices [57]. In order to achieve this ratio, the DOC is used

to oxidize the NO to NO2 and the oxidation catalyst in the CPF is used to oxidize

NO to NO2 leading to a higher PM oxidation rate by back di↵usion of NO2 in the

CPF. In order to reduce the packaging volume and cost associated with the CPF and

SCR, the selective catalytic reduction catalyst on a filter (SCR-F) has been in R&D

over the past 17 years as reviewed by Song. et al. [3]. Figure 7.1 shows one system

where the CPF and SCR are replaced with an SCR-F similar to the systems described

by BASF patents for a SCR catalyst on a DPF [58][59][60][61][62][63][64][65][66][67].

In this system, the SCR-F is used to simultaneously remove and oxidize particulate

matter and reduce NOx emissions from the exhaust stream.

Figure 7.2 shows an alternative form of this system where a SCR is added downstream

of the SCR-F (Configuration 3) to increase the NOx reduction performance. In order

to evaluate the performance of this system, the 2D SCR-F [49] (Chapter 3), 1D DOC
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Exhaust Out

Engine DOC
AMOX

Urea Decomposition tube

Mixer

Urea Injector

ANR

SCR � F

Fuel Doser

Figure 7.1: Aftertreatment system with SCR-F with 1 injector

[54] and 1D SCR [2] models were used to evaluate this system. These models were

validated using engine experimental data as described in references [49][54][2][5]. The

development of the 2D SCR-F model used in the simulations and the experimental

research e↵ort was started based on the literature review by Xiaobo Song et al.

[3]. Based on this review, the important features of the SCR-F model including the

forward di↵usion of NO2, low temperature performance and catalyst placement and

competition for NO2 between PM oxidation and SCR reactions was included in the 2D

SCR-F model. A set of experiments were conducted using the SCR-F + SCR system

described in Figure 7.2 consisting of a 2013 6.7 L Cummins ISB engine described in

reference [51] and were modeled using the SCR-F model [49] and the SCR model [2].

Similarly, a set of experiments were performed as described in reference [52] with the

production aftertreatment system described in Figure 1.2.

SCR

Exhaust Out

Engine DOC

Slip Ox.
Cat.

Urea Decomposition tube

Mixer

Urea Injector

ANR

SCR � F

Fuel Doser

Figure 7.2: Aftertreatment system with SCR-F+SCR with 1 injector

7.1.2 Proposed - Ultra Low NOx Aftertreatment System

Configurations

Although the SCR-F reduces the aftertreatment system volume, the performance of

this system is limited by two aspects. The first aspect being reduction in the passive
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oxidation rate of the PM (up to 70%) compared to the SCR-F without urea injection

due to the forward di↵usion of NO2 from the PM cake to the substrate wall leading

to a higher pressure drop as described in reference [49]. Increased fuel consumption

due to the need for active regeneration to reduce the PM retained in the filter would

be needed. The second aspect being the consumption of the NO2 in the PM cake and

the substrate wall by the passive oxidation reaction of the wall and the cake PM and

the SCR reactions leading to an unfavorable NO2/NOx ratio for the downstream SCR

which limits the performance of that device and the overall NOx conversion e�ciency

of the system. In order to overcome the deficiencies of the SCR-F only, the systems

described in Figures 7.3, 7.4 and 7.5 will be modeled to show the progressive changes

of the system when adding injection/decomposition tubes, DOC2 and a DCSCTM .

ANR1

ANR2

SCR

SCR � F

Exhaust Out

Urea Injector 1

Urea Injector 2
Engine DOC

Urea Decomposition tube

Urea Decomposition tube

Mixer

Mixer
Control Signal

Sensor Input

Controller

Thermocouple

Thermocouple

Thermocouple

Thermocouple

DelP Sensor

NOx sensor

Fuel Doser

AMOX

NOx sensor

Figure 7.3: Aftertreatment system with SCR-F, SCR and two urea injec-
tors
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SCR
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Exhaust Out

Urea Injector 1

Urea Injector 2

Engine

Urea Decomposition tube

Urea Decomposition tube

Mixer

Mixer
Control Signal

Sensor Input

Controller

Thermocouple

Thermocouple

Thermocouple

Thermocouple

NOx sensor

Thermocouple

DelP Sensor

NOx sensor

Fuel Doser

DOC2DOC1

AMOX

Figure 7.4: A new, ultra low outlet NOx aftertreatment system with a
SCR-F, a downstream DOC2 and a SCR with two injectors

Figure 7.3 shows a form of the system where a second urea injector and decomposition

tube were added to the system. For this system, due to addition of a second injector,

the total urea flow rate is divided into components ANR1 and ANR2 which represents

the ANR values at the two injectors. This modification to the system of Figure 7.2

increases the NOx conversion and the PM oxidation rate over the SCR-F system

alone (Figure 7.1). In order to achieve higher PM oxidation rate, urea injection rate

in the first urea injector (based on ANR1) is reduced for the SCR-F and to maintain

the high system NOx conversion, the urea injection rate from the second injector

(based on ANR2) to the SCR is increased to maintain higher NH3 coverage fraction

(as compared to SCR-F+SCR system with 1 injector) in the SCR.

The system in Figure 7.4 consists of a DOC2 downstream of the SCR-F along with

the two urea injectors and urea decomposition tubes to overcome all the deficiencies

of the SCR-F and the SCR-F+SCR system performance described earlier. What

is unique in this system is the addition of the DOC2 downstream of the SCR-F to
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Figure 7.5: Aftertreatment system with dCSCTM , SCR-F, downstream
DOC2 and SCR with two injectors

oxidize the NO to NO2 at the SCR-F outlet in order to increase the NOx conversion

e�ciency of the SCR and the overall NOx conversion e�ciency of the system and to

increase the SCR-F passive PM oxidation rate compared to the SCR-F only (Figure

7.1) and the SCR-F+SCR (Figure 7.2) systems. The test data in reference [51] for

the SCR-F+SCR system (Figure 7.2) were used as the input to a simulation of the

aftertreatment system of Figure 7.4 to evaluate the improvement in NOx reduction,

urea consumption, NH3 slip and PM oxidation rate performance using the SCR-

F model [49]. The results from the simulation of the systems in Figures 7.1, 7.2,

7.3 and 7.4 were compared later to determine the improvements obtained with the

technology components being modeled.

In the SCR-F+DOC2+SCR system (Figure 7.4), the addition of the DOC2 down-

stream of SCR-F leads to near optimal NO2/NOx ratio by oxidizing NO to NO2 with

the DOC2 for the SCR which in turn leads to higher NOx conversion in the SCR which

enables the system to attain maximum NOx conversion e�ciency. The addition of
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the second urea injector allows control of both the SCR-F and SCR’s NH3 storage

to purposely decrease NOx conversion in the SCR-F while enhancing its passive PM

oxidation functions while the SCR removes the remaining NOx from the exhaust gas.

This leads to a reduction in urea consumption, higher system NOx conversion e�-

ciency at all temperatures and flow rates, reduced NH3 slip and reduced PM retained

over the SCR-F only system (Figure 7.1).

The system in Figure 7.4 can also be coupled with a dCSCTM [68] [69] upstream of

the SCR-F instead of the DOC to enable NOx storage during cold start resulting in

lower NOx emissions for the entire Federal Test Procedure (FTP). Such a setup would

make it easier to meet the future California 0.02 g/bhp-hr NOx standards. Figure 7.5

shows the setup with a dCSCTM [68] [69].

7.2 Parametric Studies and Results

The 2D SCR-F, 1D DOC and 1D SCR models were used in di↵erent combinations to

simulate the performance of the SCRF®, SCRF®+SCR and SCRF®+DOC2+SCR

systems in Figures 7.1, 7.2, 7.3 and 7.4. The system shown in Figure 7.4 was simulated

in MATLAB/Simulink using a combination of the 2D SCR-F, 1D DOC and 1D SCR

models. The urea injection in both injectors were set at a constant rate. The injected

urea was assumed to be completely decomposed and any NH3 slip from the SCRF®
is assumed to be completely oxidized in the DOC2. The engine conditions in the tests

from reference [51] used for the simulations are shown in Table 7.1. The specifications

of the three devices is given in Table 7.2 and they are described in detail in references

[49][54][5]. Figures 7.6 to 7.13 compare the SCR-F and system NOx conversion, NH3

slip and urea consumed for all the four systems described above for one of the engine

conditions (Test C) from the data described in reference [51]. The results from Test C

are described here and the results from the remaining engine conditions are described

in Appendix G. The models were run with di↵erent configurations as shown below :

1. SCRF® (Figure 7.1)

2. SCRF®+SCR with one urea injector (Figure 7.2)

3. SCRF®+SCR with two urea injectors (Figure 7.3)

4. SCRF®+DOC2+SCR with two urea injectors (Figure 7.4)
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Table 7.1
Engine conditions

Engine
Condi-
tion

Exhaust
Flow
Rate

SCRF®
Inlet
Temp.

SCRF®
NO2

SCRF®
Inlet
NO

SCRF®
Inlet
NOx

SCRF®
Inlet
NO2/NOx

[-] [kg/min] [oC] [ppm] [ppm] [ppm] [-]
1 5.2 203 182 443 625 0.29
A 5.6 267 215 375 590 0.44
C 6.9 339 290 399 689 0.44
E 7.1 342 584 866 1450 0.37
D 12.5 366 161 289 450 0.38

1 - DOC from 2010 Cummins ISB engine described in [54]

2,3 - SCR from 2013 Cummins ISB engine and SCRFr prototype from Johnson

Matthey in 2014 described in [5]

The SCRF® only system (Figure 7.1) was run with an inlet ammonia to NOx ratio

(ANR) value of 0 to 1.2 and a PM loading value of 2g/l to evaluate the performance

of the SCRF® over a wide range of ANR conditions. The results from modeling the

SCR-F, applies to all the four systems and Figures 7.6 and 7.7 show the simulation

results. Equation 7.1 is used to calculate the urea flow rate to the SCRF® (ANR1)

and SCR (ANR2) based on the ANR, NOx,in and the exhaust flow rate.

ṁDEF =
ṁexh ⇤MWurea ⇤ ANR ⇤ 1e� 6 ⇤NOx,in

0.325 ⇤ 2 ⇤MWexh ⇤ ⇢DEF
(7.1)

MWexh =
4X

i=1

Yi ⇤MWi (7.2)

Where :

ṁDEF = Diesel exhaust fluid (DEF) mass flow rate (ml/s)

MWurea = Molecular weight of urea (kg/kmol) = 60.06kg/kmol

ANR = Ammonia to NOx ratio (�) to SCR-F or SCR

NOx,in = NOx concentration at the inlet of the SCR-F/SCR (ppm)

0.325 = 32.5 % v/v concentration of the urea in the DEF solution (�)

MWexh = Molecular weight of the exhaust gas (kg/kmol)

⇢DEF = Density of DEF (kg/m3) = 1080 kg/m3

MWi = Molecular weight of species i (kg/kmol)
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Table 7.2
Aftertreatment components specifications

Component DOC and DOC1

2
SCR2 SCRF®3

Material Cordierite Cordierite Cordierite
Material Cordierite Cordierite Cordierite
Catalyst Pt Cu-zeolite Cu-zeolite
Diameter (in) 9.5 10.5 10.5
Diameter of Substrate (mm) 241.3 266.7 266.7
Length (in) 4 12 12
Length (mm) 101.6 304.8 304.8
Cell Geometry Square Square Square
Total Volume (L) 4.65 17.04 17.04
Open Volume (L) 3.5 14.04 10.2
Cell Density/in2 400 400 200
Cell Width (mil) 46 46 55
Cell Width (mm) 1.16 1.16 1.39
Filtration Area (in2) N/A N/A 11370
Open Frontal Area (in2) 60 73.29 25.9
Channel Wall Thickness (mil) 4 4 16
Wall Density (g/cm3) 1.2 0.91 -
Porosity (%) 35 35 50
Mean Pore Size (?m) N/A N/A 16
Number of Inlet Cells 28353 34636 8659
Actual Open Surface Area (m2) 4.22 17.26 7.37
Surface Area of Cells (m2) 12.08 49.33 14.74
Perimeter of Cell (mm) 4.67 4.67 5.58

Yi = Mole fraction for species CO2, O2, H2O and N2 (kmol of i/kmol of exhaust)

Figure 7.6 shows the change in the outlet NO, NO2 and NH3 concentrations and the

NO2/NOx ratio as a function of the SCRF® inlet ANR for Test - C. The NO and

NO2 outlet concentrations decrease with an increase in the inlet ANR with NO2 and

NO2/NOx ratio reaching near zero value at ANR 1 and above. The outlet NH3 con-

centration remains zero up to ANR = 0.8. At ANR values greater than 0.8, significant

SCRF® NH3 outlet concentrations are observed with the NH3 concentration being

144 ppm at a ANR 1.
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Figure 7.6: Outlet concentrations and SCRF® outlet NO2/NOx ratio vs
inlet ANR values at engine condition C (SCRF® with 1 injector)

In Figure 7.7 the NOx conversion increases with an increase in the inlet ANR value

reaching a maximum value of 98.6% at ANR 1.2. The SCRF® maximum NOx con-

version e�ciency is limited by the exhaust flow rate, temperature and inlet NO2/NOx

ratio conditions from Figure 7.6 for the given engine condition. The impact of the

PM cake on the local NO2/NOx ratio in the substrate wall and inhibition of the SCR

reactions due to the wall PM [49] have also been taken into account. The urea flow

rate has a linear relationship with the inlet ANR increasing from inlet ANR = 0 to

1.2. The PM oxidation rate decreases with an increase in the inlet ANR due to an

increase in the forward di↵usion rate of the NO2 from the PM cake to the substrate

wall.

The SCRF®+SCR system (Figure 7.1) with 1 urea injector was modeled with an

inlet ammonia to NOx ratio (ANR) value of 1 to 1.12 at the inlet of the SCRF®
(Figure 7.6), with the SCRF® NH3 outlet concentration being used as the inlet NH3

for the SCR. Figure 7.8 shows the results from these simulations. The steep slope of

the NH3 outlet concentrations for ANR > 1.0 from Figure 7.6 shows that the control

system must be precise in setting the SCRF® inlet ANR so as to not have excess

slip or lower NOx conversion e�ciency.

The NOx conversion of the SCRF®+SCR system increases with an increase in the

SCRF® inlet ANR reaching a maximum value of 99% at ANR = 1.12. The addition
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Figure 7.7: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs SCRF® Inlet ANR at engine condition C (SCRF® with 1 injector)

of SCR leads to the 0.4% increase in the system NOx conversion e�ciency compared

to the SCRF® only system. The SCR e�ciency is limited by the NO2/NOx ratio

from Figure 7.6 at the inlet of the SCR due to the SCRF® near zero NO2 outlet

concentration, leading to a lower SCR NOx conversion e�ciency due to only the

standard SCR reaction. Since the SCR inlet NH3 is a function of the SCRF® NH3

outlet concentration, the e�ciency of the SCR is less than 50 % for values of ANR <

1.03 due to the low SCRF® NH3 outlet concentration. When the NH3 concentration

increases, the SCR and system NOx conversion e�ciencies increase resulting in the

slope change observed in the NOx conversion e�ciency plots at ANR = 1.03. The

urea flow rate increases linearly with an increase in the inlet SCR ANR value which

reaches a maximum urea flow rate of 0.297 ml/sec at ANR = 1.12

The SCR outlet NO2 is near zero for all values of ANR as the SCRF® outlet NO2

is zero. The SCR NO outlet concentration decreases to less than 10 ppm at ANR’s

greater than 1.09 as a result of the standard SCR reaction. The standard reaction
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Figure 7.8: NOx conversion e�ciency, urea flow rate and outlet concentra-
tions vs SCRF® inlet ANR at engine condition C (SCRF®+SCR with 1
urea injector)

starts reducing NO at ANR = 1.03 where the SCRF® NH3 outlet concentration

(Figure 7.6) is over 70 ppm. The outlet NH3 concentration of the system increases

with ANR value to a maximum value of 92 ppm at ANR = 1.12 (Figure 7.8). The

high NH3 slip is due to the mass transfer limitations and 65% maximum e�ciency of

the SCR is a result of the unfavorable SCR inlet NO2/NOx ratio (Figure 7.6).

For the two systems modeled, the SCRF®+SCR (Figure 7.3) and

SCRF®+DOC2+SCR (Figure 7.4) systems, a second injector was added to

enable better control of the NH3 coverage fraction in both the SCRF® and SCR. In

order to control these systems, the ANR values for urea injection at the two injectors

(ANR1 and ANR2) is determined from the control algorithm based on exhaust NOx

concentration, temperature and exhaust flow rate from the sensors and PM retained

in the SCR-F estimator.

The SCRF®+DOC2+SCR system was run with ANR1 in the range of 0 to 1.0
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in Figure 7.9, in order to determine a good operating range of ANR1. ANR2 was

determined in such a way that total urea flow rate is constant (0.258 ml/sec) for

all values of ANR1 and ANR1 = 0.65 and ANR2 = 1.07 for this flow rate . The

ANR2 values shown in this figure were calculated based on maximizing the NOx

conversion e�ciency while keeping the total urea flow rate constant for the given

ANR1 value. Figure 7.9 shows the change in the system NOx conversion e�ciency,

ANR2, PM oxidation rate, SCRF® outlet NO2 and SCR outlet NH3 concentrations

as a function of ANR1.
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Figure 7.9: NOx conversion e�ciency, ANR2 , PM oxidation rate, SCRF®
outlet NO2 and SCR outlet NH3 concentration vs ANR1 at engine condition
C (SCRF®+DOC2+SCR with 2 urea injectors)

The system NOx conversion e�ciency increases from ANR1 = 0.0 to 0.65 reaching a

maximum value of 99.9%. The ANR2 also decreases with increase in ANR1 reaching

a minimum value of 1.03. The PM oxidation rate decreases with an increase in ANR1

due to the forward di↵usion of the NO2 from the PM cake to the substrate wall in

the SCRF® with an increase in ANR1 value.

The outlet SCRF® NO2 concentration decreases with an increase in ANR1 and the
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values beyond ANR1 = 0.65 being less than 15 ppm. The SCR NH3 outlet concentra-

tion follows the trend of the system NOx conversion e�ciency with a minimum NH3

outlet concentration at ANR1 = 0.65 where highest NOx conversion was observed.

Based on the trends in Figure 7.6, the PM oxidation rate can be increased further

by using ANR1 values less than 0.6 if a lower NOx conversion e�ciency is acceptable

for a given engine load and speed condition. At ANR1 = 0.0 the NOx conversion

e�ciency of the system decreases to 94%. The region of ANR1 greater than 0.7 is

undesirable for operation for this engine condition since it o↵ers neither an increase

in PM oxidation rate nor improved NOx conversion e�ciency.

In order to determine the reason behind the trend in NOx conversion e�ciency in

Figure 7.9, the NO2/NOx ratio at the outlet of the SCRF® and the DOC2 were

plotted against ANR1 as shown Figure 7.10. As can be observed in Figure 7.10, the
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Figure 7.10: NO2/NOx ratio vs ANR1 at engine condition C
(SCRF®+DOC2+SCR with 2 urea injectors)

addition of DOC2 leads to the NO2/NOx ratio increase compared to the SCRF®
outlet value. This increased NO2/NOx ratio is the inlet NO2/NOx ratio for the SCR.

The DOC2 outlet NO2/NOx ratio starts at 0.69 and decreases to 0.5 for a ANR1 of

0.6. There is a further decrease in DOC2 outlet NO2/NOx ratio with an increase in

ANR1 value following the trend of the SCRF® outlet NO2/NOx ratio but this is in

the ANR1 region where operation is not desirable.
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For ANR1 = 0.65, the SCR e�ciency increases to 97 from the 71% in the system

without DOC2 (Figure 7.8, ANR = 1.12) due to the favorable NO2/NOx ratio of 0.5

[57]. This leads to a system NOx conversion e�ciency of 99.9% for ANR1 = 0.65 and

ANR2 = 1.06.

Based on Figures 7.9 and 7.10, an ANR1 of 0.6 and 0.7 with ANR2 from 1 to

1.12 were chosen for simulating the SCRF®+SCR (with 2 injectors) and the

SCRF®+DOC2+SCR (with 2 injectors) systems, as it represented ANR1 values

which provided the highest system NOx conversion e�ciency.

The SCRF®+SCR with 2 injectors system was run with the second urea injector at

the inlet of the SCR with ANR2 in a range of 1 to 1.12 to evaluate the system perfor-

mance. The NH3 outlet concentration from the SCRF® and the NH3 decomposed

from the urea injected from the second urea injector were used as the inlet NH3 for

the SCR. Figure 7.11 shows the results from the system simulation.

The NOx conversion e�ciency is comparable to the SCRF®+SCR system with 1

injector with an e�ciency of 99.0% at ANR1 = 0.7 and ANR2 = 1.12. The SCR

conversion e�ciency is limited by the low NO2 concentration at the inlet of the SCR

(Figure 7.9) leading to a SCR NOx conversion e�ciency of 85 % at ANR2 = 1.12. The

urea flow rate at ANR2 =1.12 for the ANR1 = 0.7 case is 0.284 ml/s. The addition

of a second injector enables the operation of the SCRF® at ANR1 at 0.7 which gives

better control of the NH3 coverage fraction in both the SCRF® and SCR. This leads

to a higher PM oxidation rate in the SCRF® in this system as compared to the

system with 1 injector.

The SCRF®+DOC2+SCR (Figure 7.4) system consists of two urea injectors similar

to the SCRF®+SCR (Figure 7.3) system with 2 injectors however in this system a

DOC2 is added between the SCRF® and the SCR as shown in Figure 7.4 to oxidize

NO to NO2 enabling favorable NO2/NOx ratios (0.5 to 0.6) at the inlet of the SCR.

The DOC2 also oxidizes the outlet NH3 concentrations from the SCRF®, and NH3

from the SCRF® is negligible for ANR1 values below 0.7 as seen in Figure 7.7. These

simulations were run with ANR1 of 0.6 and 0.7, and ANR2 of 1 to 1.12 similar to

SCRF®+SCR system. Results from these simulations are shown in Figure 7.12.

The NOx conversion e�ciency is higher for this system with a maximum e�ciency

of 99.9 % for ANR1 = 0.7 at ANR2 = 1.12. This system is not limited by the low

NO2 concentration from the SCRF® outlet since the DOC2 for this engine condition
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Figure 7.11: NOx conversion e�ciency, urea flow rate and outlet concen-
trations vs SCRF® Inlet ANR2 at engine condition C and for ANR1 0.6
and 0.7 (SCRF®+SCR with 2 urea injectors)

converts 60% of the SCRF® outlet NO to NO2 (Figure H.17 Appendix G). The

near 100% e�ciency for ANR1 = 0.7 is due to the favorable NO2/NOx ratio into the

SCR. The outlet SCR NO2 concentration for at ANR1 = 0.7 is near zero with NO

concentrations being less than 6 ppm. The NH3 slip was also observed to be lower

than the SCRF®+SCR system with 2 injectors due to the higher utilization of the

NH3 for NOx reduction with a maximum NH3 slip of 20 ppm. The urea flow rate for

this system ANR1 = 0.7 and ANR2 = 1.12 is 0.172 and 0.085 ml/sec for injections 1

and 2 respectively with total flow rate = 0.284 ml/s.

For the systems with two urea injectors a new performance characteristic called system

ANR is computed. The system ANR represents the ratio of the total NH3 produced

from the urea injected at the two urea injectors divided by the SCRF® inlet NOx
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Figure 7.12: NOx conversion e�ciency, urea flow rate and outlet concen-
tration vs SCRF® inlet ANR at engine condition C (SCRF®+DOC2+SCR
with 2 urea injectors)

concentration and is defined by equation 7.3.

ANRsystem =
(ANR1 ⇤NOx,in,SCR�F + ANR2 ⇤NOx,in,SCR)

NOx,in,SCR�F
(7.3)

Where

ANR1 = ANR at urea injector 1 NOx,in,SCR�F = NOx concentration at the inlet of

SCR-F

ANR2 = ANR at urea injector 2 NOx,in,SCR = NOx concentration at the inlet of SCR

The four systems were run with system ANR of 1.007 to 1.037. For systems with 1

injector ANR2 = 0 and ANR system = ANR1. The PM oxidation rate, urea flow rate

and NOx conversion e�ciency have been compared for these four systems in Figure

7.13 .
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Figure 7.13: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs system Inlet ANR at engine condition C

As observed from Figure 7.13, the NOx conversion e�ciency of the SCRF® only

was observed to be 97.5 % at system ANR 1.027, the SCRF®+SCR with 1 injector

has an e�ciency of 97.5 % followed by SCR-F+SCR system with 2 injectors with

97.8%. The SCRF®+DOC2+SCR system had the higher NOx conversion e�ciency

of 99.5%. The SCRF®+DOC2+SCR system due to the favorable NO2/NOx ratio in

the SCR is consistently higher by 2 % compared to the SCRF® system. The urea

flow rate is the same for all the cases and is linearly proportional to the system ANR.

For a given amount of urea flow rate, the SCRF®+DOC2+SCR system has higher

NOx conversion e�ciency (99.9% e�ciency at ANR1 = 0.65 and ANR2 = 1.06 ) than

the remaining systems which can be used to reduce the urea consumption if a lower

NOx conversion e�ciency is acceptable for a given engine condition and it is desirable

to increase the PM oxidation rate.

The PM oxidation rate in Figure 7.13 shows a trend where the systems with 2 urea

injectors at ANR1 = 0.7 have oxidation rates of 0.079 g/min compared to 0.039 g/min
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for systems with 1 urea injector. This 100% improvement in the PM oxidation rate

is due to the lower forward di↵usion rate at lower ANR1 values leading to higher

available NO2 in the PM cake and higher PM oxidation rate. This trend is consistent

with the PM oxidation rate vs Inlet ANR of SCRF® only system from Figure 7.7.

Table 7.3 compares the performance of the four systems for a system of ANR = 1.04,

ANR1 = 0.65 and ANR2 = 1.06 for the systems with 2 injectors at engine condition

C. The values of ANR1 and ANR2 for the 2 injector systems were chosen based on

the trends from Figure 7.9. As can be observed from Table 7.3, there is 2.1% increase

in the NOx conversion e�ciency for the system with DOC2 compared to SCR-F only

system. The systems with 2 injectors have 80% higher PM oxidation rate. The NH3

slip value for the system with a DOC2 is 14 ppm compared to 75 ppm for the SCR-F

only system due to better utilization of NH3 in the SCR. The urea flow rate is 1.4%

lower in the case of the system with the DOC2 (0.275 vs 0.276 ml/sec) due to lower

NH3 slip and better NH3 utilization.

Table 7.3
Performance of the four systems at system ANR = 1.04

System NOx conversion
e�ciency

PM oxidation
rate

NH3 slip Urea flow
rate

Units (%) (g/min) (ppm) (ml/s)
SCRF® Only 1 injector
(ANR1 = 1.04, ANR2 = 0)
system ANR = 1.04

97.8 0.039 75 0.276

SCRF® +SCR 1 injector
(ANR1 = 1.04, ANR2 = 0)
system ANR = 1.04

98.0 0.039 50 0.276

SCRF®+SCR 2 injectors
(ANR1 = 0.65, ANR2 = 1.06)
system ANR = 1.04

98.5 0.070 22 0.275

SCRF®+DOC2+SCR 2 injectors
(ANR1 = 0.65, ANR2 = 1.06)
system ANR = 1.04

99.9 0.070 14 0.274
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Tables 7.4 and 7.5 show the system performance at the engine conditions as given

in Table 7.1 and based on the figures in the Appendix G for the maximum NOx

conversion and the maximum PM oxidation respectively.

Table 7.4
SCRF®+DOC2+SCR system performance for maximum NOx conversion

e�ciency

Maximum NOx Conversion E�ciency
Engine
Condition

ANR1 ANR2 Urea flow
rate in
injector 1

Urea flow
rate in
injector 2

Total
urea flow
rate

System NOx

conversion
e�ciency

SCRF® PM
oxidation
rate

SCR
NH3

slip
[-] [-] [-] [ml/s] [ml/s] [ml/s] [%] [g/min] [ppm]
1 0.72 1.04 0.109 0.047 0.156 99.3 0.010 39

A 0.80 1.03 0.391 0.102 0.156 99.3 0.010 39

C 0.65 1.06 0.172 0.085 0.156 99.3 0.010 39

D 0.80 1.04 0.209 0.058 0.156 99.3 0.010 39

E 0.80 1.04 0.408 0.106 0.156 99.3 0.010 39

Table 7.5
SCRF®+DOC2+SCR system performance for maximum PM oxidation

rate at ANR1 = 0

Maximum PM Oxidation Rate with PM Loading 2 g/l
Engine
Condition

ANR2 Urea flow
rate in
injector 2

System NOx

conversion
e�ciency

SCRF® PM
oxidation
rate

SCRF®
NH3 slip

[-] [-] [ml/s] [%] [g/min] [ppm]
1 1.12 0.169 93.5 0.041 80

A 1.12 0.548 91.5 0.057 70

C 1.12 0.297 94.0 0.210 83

D 1.12 0.293 91.0 0.130 60

E 1.12 0.571 94.9 0.500 90

As can be observed from Table 7.4, the NOx conversion e�ciency of the system is

over 99.2 % for all the engine conditions. The value of ANR1 is in the range of

0.65 to 0.8 (0.72 +/- 0.08) depending on PM oxidation rate in the SCRF®, exhaust

temperature, NO and NO2 concentrations at the SCRF® inlet and exhaust flow rate

conditions. The ANR2 has a much narrower range of 1.03 to 1.07 (1.04 +/- 0.02) and
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the system is less sensitive to a change in the ANR2 value compared to ANR1.

In Table 7.5, the ANR2 value for all cases is 1.12 in order to maximize the NOx

conversion e�ciency while the PM oxidation rate in the SCR-F is the maximum

possible value for the given engine condition. A higher NH3 slip is also observed

compared to the Table 7.4 at the same engine condition. The PM oxidation rates

are 3-4 times higher than the values from Table 7.4, so these ANR1 = 0 conditions

can be used where a higher PM oxidation rate is desired while having a reduced

NOx reduction performance. The only way the SCRF® system can increase the

PM oxidation rate is to reduce the ANR, through the SCRF® with a significant

loss of NOx conversion e�ciency (40 % at ANR = 0.2 vs 85% at ANR = 0.8 in

Figure 7.7). Table 7.6 compares the performance of the SCRF® system with the

SCRF®+DOC2+SCR system for maximum NOx conversion e�ciency.

Table 7.6
SCRF®+DOC2+SCR System Performance for Maximum PM Oxidation

Rate at ANR1 = 0

SCR-F system SCR-F+DOC2+SCR system
Engine
Condition

ANR Total
Urea
flow

System
NOx conv.
e�.

SCR-F
PM oxid.
rate

SCR-F
NH3 slip

ANR1/
ANR2

Total
Urea
flow

System
NOx conv.
e�.

SCR-F
PM oxid.
rate

SCR-F
NH3 slip

[-] [-] [ml/s] [%] [g/min] [ppm] [-] [ml/s] [%] [g/min] [ppm]
1 1.06 0.160 91.0 0.001 41 0.72/1.04 0.156 99.3 0.010 39

A 1.05 0.514 97.6 0.005 25 0.80/1.03 0.493 99.8 0.013 24

C 1.07 0.284 97.4 0.040 80 0.65/1.07 0.258 99.9 0.070 17

D 1.06 0.277 95.0 0.012 97 0.80/1.04 0.268 99.2 0.036 28

E 1.08 0.555 98.0 0.028 174 0.80/1.03 0.513 99.8 0.040 19

As observed in Table 7.6, the SCRF®+DOC2+SCR system has 1.8 - 8.3 %

higher NOx conversion e�ciency compared to the SCR-F system. The NH3 slip

was observed to be 20-174 ppm in SCRF® system compared to 17 - 39 ppm in

SCRF®+DOC2+SCR system due to better utilization of the NH3. The total urea

flow rate was also observed to be 1-3 % higher in the SCRF® system while the PM

oxidation rate is 140-300 % higher in the SCRF®+DOC2+SCR system compared to

SCRF®.

The conclusions from this parametric study are as follows :

SCRF®+SCR (1 injector) system as compared to the SCRF® system, results in

slightly improved NOx conversion e�ciency and lower NH3 slip without an improve-

ment in the PM oxidation rate for engine condition C (Table 7.3).
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The SCRF®+SCR (2 injectors) system as compared to the SCRF®+SCR (1 injec-

tor) system results in a slightly improved NOx conversion e�ciency and lower NH3

slip with a 80% improvement in the PM oxidation rate for engine condition C (Table

7.3), because it is possible to operate at ANR1 = 0.65 with this 2 injector system.

The SCRF®+DOC2+SCR system (2 injectors) as compared to the SCRF®+SCR

(2 injectors) system results in a 1.4 % improvement in the NOx conversion e�ciency

and lower NH3 slip and the same PM oxidation rate for engine condition C (Table 7.3),

because the DOC2 improves the NO2/NOx ratio in the 0.5 - 0.6 range for optimum

NOx reduction.

For both of the 2 injector systems (SCRF®+DOC2+SCR and SCRF®+SCR), the

PM oxidation rate is 80% higher at ANR1 = 0.65 while achieving 99.9% NOx con-

version for the SCRF®+DOC2+SCR system compared to the SCRF® only system

for engine condition C (Table 7.3). A further gain in PM oxidation rate can be ob-

tained by decreasing the ANR1 between 0.65 and 0, if an increased PM oxidation

rate and decreased NOx conversion rate is desired. Neither of the 1 injector systems

(SCRF®, SCRF®+SCR) can achieve this level of PM oxidation rate with over 90%

NOx conversion e�ciency.

For all engine conditions ANR1 was found to be 0.72+/-0.08 and ANR2 was 1.04+/-

0.02 for maximum NOx conversion e�ciency for the SCRF®+DOC2+SCR system

(Table 7.4). It appears that the ECU controller should be able to easily control these

two urea flow rates that are mainly a function of the NOx concentrations and exhaust

flow rates from the sensors (Equation 7.1 and Figure 7.4)

Table 7.5 shows the maximum PM oxidation rate that can be achieved by the

SCRF®+DOC2+SCR system using ANR1 = 0 for all engine conditions. The PM

oxidation rate is 3 - 4 times higher than the oxidation rate for the SCR-F system at

the same engine conditions. This change in ANR1 can be used for engine and PM

loading conditions where high PM oxidation rate and a NOx conversion e�ciency

greater than 91 % is desirable.

The SCRF®+DOC2+SCR system has 1.8-8.3 % higher NOx conversion e�ciency

and 140-300% higher PM oxidation rate with 1-3 % lower urea flow rate and 2-150

ppm lower NH3 slip for all engine conditions at maximum NOx conversion e�ciency

compared to the SCRF® system (Table 7.6).
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7.3 Control System Design

The SCRF®+DOC2+SCR system described in Figure 7.4 consists of a control system

that will be implemented in the ECU (controller) to determine the amount of urea to

be injected in both the urea injectors based on the given exhaust flow rate, exhaust

gas temperature, NO and NO2 concentration and SCRF®PM loading.

The control system consists of DOC, SCR-F, DOC2 and SCR state estimators that

are coupled to estimate the states of PM mass retained, NH3 coverage fraction and

temperatures. The exhaust gas chemical species concentrations change as the exhaust

flows through each of the devices. This variation in chemical species concentration

of NO, NO2 and NH3 is also computed and tracked by the four estimators. These

data are then used by the control algorithm to control the PM oxidation rate in the

SCRF® and system NOx conversion e�ciency.

Equations 7.4 to 7.17 show a possible set of governing equations for the energy and

chemical species mass balances that can be used in the four state estimators. A

detailed description of these estimators is given in references [49][42][44] . It should

be noted that alternative state estimators could be used such as neural networks or

other machine learning techniques.

DOC and DOC2 state estimator equations [42]

Tr,k = Tr,k�1 �
⇢ucp

⇢scs + ⇢cv

�t

�x
(Tr,k � Tr,k�1)�

Ag�t

(⇢scs + ⇢cv)(1� ✏)

C3H6X

i=CO

�hiRRi

MWi

(7.4)

Ci,r = Ci,r�1 �
�x

✏u
RRi (7.5)

Where :

Tr,k, Tr,k�1 = Exhaust gas temperature at axial location r at time k and k-1 seconds.

�t, �x = Time in seconds and axial distance in meters

⇢, ⇢s = Density of exhaust gas and substrate in kg/m3
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cs, cv = Specific heat of substrate and exhaust gas in kJ/kg.K

Ag = Geometric surface area in m3

✏ = Void fraction of the catalyst (�)

i = Index for chemical species (�)

RR = reaction rate in kmol/s

�h = Heat of formation of a given reaction in kJ/kmol

MWi = Molecular weight of species i

Ci,r, Ci,r�1 = Concentration of chemical species i at location r and r-1 in kmol/m3

u = Velocity of exhaust gas in the channel in m/s

Equation 7.4 represents the energy conservation of the exhaust gas flowing through

the DOC in order to calculate the temperature of the filter. In order to calculate the

temperature of the substrate, the heat capacity of the filter and exhaust gas is taken

into account in the first term. In the second term energy release by the HC oxidation

reactions is added to the filter temperature states.

This filter temperature from Equation 7.4 is in turn used in the reaction rate

calculations that form part of equation 7.5 that calculates the chemical species

concentration of NO, NO2, CO and HC as they flow through the DOC. These

coupled system of equations are applicable for both the DOC and DOC2.

SCR-F state estimator equations [49][44]

Tr,k = Tr,k�1 �
Q̇cond,axial + Q̇cond,radial + Q̇conv

⇢scsV s+ ⇢cvV f

�Q̇reac,PM + Q̇reac,HC + Q̇reac,SCR + Q̇amb

⇢scsV s+ ⇢cvV f

(7.6)

Ci,r = Ci,r�1 +
Di

�y
(Ci,r�1 � Ci�1,r�1)�

�y

vw
RRi (7.7)

✓1,k = ✓1,k�1 +

PSCR oxid
k=ads,1 ⌘kRRk

⌦1

(7.8)

✓2,k = ✓2,k�1 +

Pdes,2
k=ads,2 ⌘kRRk

⌦2

(7.9)

(�PTotal)k = (�Pchannel +�Pwall +�Pcake)k (7.10)

ṁc,retained = ⌘cakeṁin � ṁc,oxid (7.11)
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ṁw,retained,n = ⌘wall,nṁslab,n�1 � ṁw,oxid,n (7.12)

ṁin,PM =

✓
ṁexhaust

⇢exhaust

◆
⇤
✓

CPM

1e� 6

◆
⇤
✓

Tref

Texhuast

◆
(7.13)

Where :

�y = Axial distance in y direction in meters

⇢f , ⇢s = Density of PM cake and substrate in kg/m3

Vf , Vs = Volume of PM cake and substrate in m3

cf , cs = Specific heat of PM cake and substrate in kJ/kg.K

⌘ = Stoichiometric coe�cient (-)

Q̇cond,axial, Q̇cond,radial, Q̇conv = Heat transfer by conduction in axial, radial direction

and convection in kJ/s

Q̇reac,PM , Q̇reac,HC , Q̇reac,SCR = Energy release by PM , HC oxidation and SCR

reactions in kJ/s

Di = Di↵usivity of chemical species i in m2/s

vw = Velocity of exhaust gas in the channel in m/s

k = Index for reactions (adsorption, desorption, Standard, fast and slow SCR, NH3

oxidation reactions)

✓1, ✓2 = Coverage fraction of first and seconds NH3 storage sites (-)

⌦1, ⌦2 = Maximum storage capacity of NH3 first and seconds NH3 storage sites in

kmol/m3

�PTotal = Total pressure drop across the SCR-F in kPa

�Pchannel, �Pwall, �Pcake = Pressure drop in the inlet/outlet channels, substrate

wall and PM cake

ṁc,retained, ṁw,retained,n = Rate of PM mass retained in the PM cake and wall slab n

in the SCR-F in (kg/s)

⌘cake, ⌘wall,n = Filtration e�ciency of PM cake and wall slab n (-)

ṁin, ṁslab,n�1 = PM mass flow rate into PM cake and given wall slab n in kg/s

ṁc,oxid, ṁw,oxid,n = PM oxidation rate in the PM cake and wall slab n in kg/s

ṁexhaust = Actual mass flow rate of exhaust in kg/s

ṁin,PM = Rate of PM mass into the SCR-F kg/s

⇢exh = Density of exhaust gas in kg/ actual m3

CPM = Concentration of PM in mg/scm

Texhaust, Tstd = Exhaust gas and ambient standard air temperature in K.

Equation 7.6 represents energy conservation of the SCRF® substrate in both the
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radial and axial directions. The conduction of heat in both the radial and axial direc-

tion is taken into account along with the convection heat transfer from the exhaust

gas to the substrate wall. The energy release by HC oxidation, PM oxidation and

SCR reactions are also modeled.

The filter temperature from equation 7.6 is used in equation 7.7 along with the con-

centrations of chemical species to calculate the change in concentration of NO, NO2,

NH3, O2 and HC across the SCR-F in equation 7.7. This species conservation equa-

tion consists of both convection and di↵usion based mass transfer terms along with

a third term that models chemical reaction e↵ects.

The NO, NO2 and NH3 species concentrations from Equation 7.7 are used to calculate

the reaction rates in Equation 7.6 and Equations 7.8 and 7.9. Equations 7.8 and 7.9

track the change in NH3 coverage fraction of the two NH3 storage sites.

The NO2 concentration from equation 7.7 is also used in equation 7.11 to calculate the

PM oxidation rate by NO2 assisted PM oxidation reaction. This equation determines

the PM mass retained in the PM cake and substrate wall due to filtration and PM

oxidation. The PM mass retained from Equation 7.11 is the input to Equation 7.12

to calculate the cake and wall pressure drop components. Combined with a cake

permeability model and channel pressure drop values Equation 7.10 determines the

pressure drop across the SCR-F.

The system of coupled Equations 7.6 to 7.13 are solved in a 2D mesh in the SCR-F

model to compute all the relevant states and. outputs consisting of temperature

of filter, outlet concentrations, NH3 coverage fraction of the two NH3 storage sites,

PM mass retained in the PM cake, substrate wall and pressure drop across the SCR-F.

SCR state estimator equations [42]

Tr,k = Tr,k�1 �
⇢ucp

(⇢scs + ⇢cv)

�t

�x
(Tr,k � Tr,k�1)� ha

4aw�t

(⇢scs + ⇢cv)(a2p � a2w)
(Tr,k�1 � Ta)

(7.14)

Ci,r = Ci,r�1 �
�x

✏u
RRi (7.15)

✓1,k = ✓1,k�1 +

PSCR oxid
k=ads,1 ⌘kRRk

⌦1

(7.16)
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✓2,k = ✓2,k�1 +

Pdes,2
k=ads,2 ⌘kRRk

⌦2

(7.17)

Where:

ha = Convection heat transfer coe�cient to the ambient in W/m2K

aw = Geometric surface are in m2

Ta = Ambient temperatureoC

ap, aw = Width of monolith and open channel in m

Equation 7.14 represents energy conservation of the SCR substrate. The heat trans-

fer to the ambient is modeled using the second term on the right hand side of the

equations. The filter temperature from Equation 7.14 is used in Equation 7.15 along

with species concentrations to calculate the change in concentration of NO, NO2 and

NH3 across the SCR-F in Equation 7.15 . This species conservation equation models

a term for chemical reaction e↵ects.

The NO, NO2 and NH3 species concentrations from Equation 7.15 are used in Equa-

tions 7.16 and 7.17 to model the change in NH3 coverage fraction of the two NH3

storage sites. The system of coupled equations 7.14 to 7.17 are solved to compute

all filter temperatures, NH3 coverage fraction for the two NH3 storage sites and the

outlet concentrations of NO, NO2 and NH3.

7.3.1 Summary of the Ultra Low NOx Control System Design

and Performance

In summary for the systems, equations 7.4 to 7.17 represent the system being de-

scribed in Figure 7.4 (DOC+SCRF®+DOC2+SCR system). Equations 7.4 and 7.5

are used in the 1D DOC state estimator developed by Surenahalli et al. [42] which are

used for the state estimation of both the DOC and DOC2 in Figure 7.4. Equations

7.6 to 7.13 are based on the 2D SCR-F model from reference [49] and 2D CPF state

estimation work by Boopathi et al. from reference [44]. Equations 7.14 to 7.17 are

based on the 1D SCR state estimator work by Surenahalli et al. [42]. Figure 7.14

describes the complete system that can be used to determine the desired urea flow

rate for the two urea injectors based on the control algorithm.
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The control algorithm determines the ANR1 and ANR2 values based on the engine

map to determine the PM oxidation rate in the SCR-F and the system NOx conversion

rate based on the desired reaction rates with respect to engine out temperature,

NO, NO2 and PM concentrations and PM mass retained in the SCR-F. This control

algorithm can be configured to either maximize NOx conversion e�ciency, minimize

urea consumption, maximize the PM oxidation rate in the SCR-F or any combination

of these objectives based on engine out exhaust temperature and flow rate, pressure

drop in the SCRF®, PM loading, NOx concentration for a given engine speed and

load condition.

The advantages of the SCRF®+DOC2+SCR system (2 injectors) being modeled are

:

1) The system has a 99.2 to 99.9 % NO2 conversion e�ciency as compared to 91.0 -

98.0 % for the SCR-F for all the engine conditions (Table 7.6)

2) The system has a 0.013 to 0.070 g/min PM oxidation rate as compared to 0.005

to 0.040 g/min for the SCR-F for all the engine conditions (Table 7.6)

3) The system has a 17 to 39 ppm NH3 slip as compared with 20 to 174 ppm for the

SCRF® for all the engine conditions (Table 7.6)

4) The SCRF®+DOC2+SCR system enables 3-4 times higher PM oxidation as com-

pared to the SCRF® system (Table 7.5 and 7.6) when ANR1 = 0 which is used

in engine conditions where higher PM oxidation rate and 91 - 95% NOx conversion

e�ciency is desirable (Table 7.5). The only way the SCR-F only system can increase

the PM oxidation rate is to reduce the ANR through the SCR-F with a significant

loss of NOx conversion e�ciency (40 % at ANR = 0.2 vs 85 % at ANR = 0.8 in Figure

7.8).

5) The tradeo↵ between PM oxidation rate and NOx conversion e�ciency can be

determined by the control algorithm in the SCRF®+DOC2+SCR system based on

the engine map for a given engine speed and load condition. The control system

can also operate over a limited range of ANR1 (0.72+/-0.08) and ANR2 (1.04+/-

0.02) conditions without a loss in NOx conversion e�ciency and PM oxidation rate,

enabling a more robust control system.

The systems described in Figures 7.3 and 7.4 and the performance of these systems
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is based on existing DOC, SCRF® and SCR components described in Table 7.2.

The catalyst loading of each device can also be modified along with sizing of the

components to better optimize for various engine applications and to improve the

PM oxidation rate, NH3 slip and the NOx conversion e�ciency including the volume

and cost of the system. The estimator models used for the control system design

and sensor layout can also be modified to make the system more suitable for a given

application.
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Start

Determine
ANR1 and ANR2

Stop

Determine Urea
F low rates 1 and 2

Using Eq. 1

Engine out exhaust
F low Rate

Temperature
NO, NO2 Concentrations

(Based on temperature, NOx sensors, PM Conc. and
engine map for given load speed conditions)

DOC Estimator
Estimate outlet NO, NO2 concentrations
based on Inlet/Outlet thermocouple data

SCR � F Estimator
Estimate outlet NO, NO2, NH3 concentrations,

�P, PM oxid. rate, PM retained and NH3 coverage fraction
based on Inlet/Outlet thermocouple and DelP sensor data

SCR Estimator
Estimate outlet NO, NO2, NH3 concentrations, NH3 coverage fraction

based on Inlet/Outlet thermocouple data

Calculate desired
PM oxidation rate and

System NOx conversion efficiency
(Based on map for engine speed and load condition)

DOC2 Estimator
Estimate outlet NO, NO2 concentrations

based on Inlet/Outlet thermocouple and NOx sensor data

Control signal to Urea injector 1 and 2

Control Algorithm

if(t < tend)

No

Y es

Figure 7.14: DOC+SCRF®+DOC2+SCR control system flowchart
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7.4 Further Improvements to the Ultra Low NOx

System

The DOC and DOC2 are flow through devices that can be designed to consist of

di↵erent types of catalysts such as platinum, palladium, rhodium, barium etc., which

can be used to absorb, adsorb and oxidize hydrocarbons, carbon monoxide and NO

present in the exhaust gas. The oxidation of NO to NO2 is one of the main reactions

that will be used in the DOC and DOC2 in the proposed system to improve the

system NOx conversion e�ciency.

The SCR-F is a wall flow type device which can contain di↵erent types of catalysts

such as vanadium, copper zeolite, iron zeolite etc and di↵erent physical structure and

cell design consisting of porous materials. The catalyst is responsible for adsorption

of reductants such as NH3 and reduction of NOx to nitrogen and water vapor using

the SCR reactions. The physical structure of the SCR-F can also be comprised of

di↵erent materials such as silicon carbide, other ceramics, metallic meshes or any form

of porous material. The SCR uses similar catalysts as the SCR-F in a flow through

setup to reduce NOx emissions in the exhaust gas into nitrogen and water vapor by

SCR reactions.

The AMOX downstream of the SCR is responsible for oxidation of outlet NH3 from

the SCR into nitrogen and water vapor using a flow-through substrate that can use

various oxidation catalysts. The ammonia delivery systems can also be of various

approaches that are in the literature. The concept of a DOC2 downstream of the

CPF before the urea injector in the production system shown in Figure 1.2 should

also enhance the NOx conversion e�ciency of the system.

Recently degradation of the SCR-F and SCR NOx reduction performance due to mi-

gration of platinum from upstream DOC was reported by Hurby et al. [70]. The neg-

ative impact of this degradation in SCR-F performance can be mitigated by switching

the ratio of ANR1 and ANR2 such that the ANR2 value is increased by the control

algorithm to enable higher NOx conversion in SCR enabling the system to meet the

> 99.5% NOx conversion target. Further studies on the migration of PGM catalyst

from DOC to SCR-F need to be performed to design DOC’s that are not susceptible

to this issue. Reduction of number of active regeneration events which is one of the

advantages of the proposed ultra low NOx system can also reduce the degradation
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rate. Further experimental work on ultra low NOx system with these considerations

need to be performed for the development of the ultra low NOx aftertreatment system.
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Chapter 8

Summary and Conclusions

This chapter presents the summary of the results obtained from the SCR-F model

described in Chapter 3 using the calibration process described in Chapter 4 for using

the experimental data collected on the 2013 Cummins ISB SCRF ® to determine

the calibration parameters for the model. The chapter also describes the conclusions

from the SCRF® configuration 3 dataset which consisted of 2D SCR-F+1D SCR

model, the 2D SCR-F state estimator and the ultra low NOx aftertreatment system.

8.1 Summary of SCR-F Model Development

The 2D SCR-F model development was described in Chapter 3. The SCR-F model

was developed using a set of governing equations consisting of conservation of energy,

mass, momentum and concentration of chemical species. Pressure drop, filtration and

cake permeability equations were used to simulate the pressure drop and filtration

characteristics of the SCR-F. The model was used to simulate the performance of

the SCR-F during active regeneration and passive oxidation with and without urea

injection. The major phenomena that were simulated by the SCR-F model are as

follows :

• 2D temperature distribution in the substrate wall and exhaust gas in the in-

let/outlet channels
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• 2D PM mass distribution and PM mass retained in the PM cake and wall

• 2D NH3 coverage fraction of the two NH3 storage sites

• Filtration e�ciency of PM cake and substrate wall

• Change in chemical species concentrations of NO, NO2, NH3 and HC using

reaction di↵usion scheme with forward di↵usion between PM cake and substrate

wall.

• Inhibition of SCR reactions by PM in the substrate wall

• Impact of urea injection on PM oxidation rate

• Cake permeability during PM oxidation and pressure drop characteristics

A calibration procedure for this 2D SCR-F model was developed using the experimen-

tal data consisting of passive oxidation experiments with and without urea injection.

The pressure drop, filtration, thermal, di↵usion and cake permeability parameters

along with NO2 assisted PM oxidation kinetics were modeled. Active regeneration

experiments were used to determine the HC oxidation and thermal PM oxidation

kinetics. Experiments with the urea dosing cycle with and without PM loading were

used to determine the SCR kinetics, NH3 storage parameters and the inhibition of

SCR reactions to mass transfer limitation by substrate wall PM.

8.2 Summary of the Results from SCRF® Config-

uration 1 and 2 Data

The configuration 1 and 2 data were used to calibrate the SCR-F model. The following

inputs obtained from these experiments were used to run the SCR-F model :

• Exhaust gas and fuel mass flow rate at the SCRF ® inlet

• Exhaust gas temperature at SCRF ® inlet

• Concentration of chemical species (NO, NO2, NH3, CO, CO2, HC, O2 and PM

concentration) at SCRF ® inlet.
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• Test cell conditions ( temperature, pressure and relative humidity)

The model was calibrated using the experimental data along with the model values

for the following variables

• Pressure drop across the SCRF ®

• Filtration e�ciency

• Temperature distribution at the 20 thermocouple locations

• PM mass retained

• SCRF ® outlet chemical species concentration of NO, NO2, NH3 and HC.

The deviation in these values for all the thirty experiments in the configuration 1

and 2 datasets is quantified in Appendix G. Using the single set of filtration, pressure

drop, cake permeability and thermal parameters in Tables G.1 to G.1 and SCR, PM

oxidation kinetics from Table G.3 to G.4, the SCR-F model was able to simulate the

experimental data :

• Pressure drop across the SCRF ® was simulated to within +/- 0.3 kPa

• Filtration e�ciency was simulated to within +/- 1 %

• 2D Temperature distribution was simulated to within +/- 5oC

• PM mass retained was simulated to within +/- 2g

• SCRF ® outlet NO, NO2 and NH3 were simulated to within +/- 20 ppm

The following phenomena were determined during calibration of the SCR-F model

with configuration 1 and 2 data.

• A 70% reduction in PM oxidation rate during passive oxidation due to forward

di↵usion during urea inejction
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• An increase in cake permeability due to forward di↵usion during urea injection

with passive oxidation

• A temperature rise of 5 - 15 oC of the exhaust gas due to SCR reactions during

passive oxidation

• A temperature rise 10 - 20 o C during active regeneration due to HC oxidation

reaction

• 4 - 6 % reduction in NOx conversion performance due to PM loading caused by

mass transfer limitation in the substrate wall and change in the local NO2/NOx

ratio across the PM cake due to the passive oxidation reaction

8.3 Summary of the Results from SCRF® Config-

uration 3 Data

The SCRF® configuration 3 data were collected with a SCRF® and a downstream

SCR. These data were simulated with a model consisting of the 2D SCR-F model

and 1D SCR model. This model used the calibration parameters identified for the

individual component models. The interaction of SCRF® with the downstram SCR

in terms of change local NO2/NOx ratio, NOx reduction e�ciency and NH3 slip was

studied using this dataset. The model was able to simulate the following variables

• Pressure drop across SCRF® to within +/- 0.3kPa

• Filtration e�ciency of SCRF® to within +/- 1%

• Temperature distribution in SCRF® to within +/-5oC

• SCR outlet NO and NO2 concentration to within +/- 15 ppm

• SCR outlet NH3 concentration to within +/- 8 ppm

The major phenomena observed in this data consists of :

1. The NO2/NOx ratio at the SCR inlet is equal to 0 for all the experiments

due to consumption of NO2 in the SCRF® by SCR reactions and passive PM

oxidation reactions.
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2. The unfavorable NO2/NOx ratio at SCR inlet led to low conversion e�ciency in

the SCR (<70%) thus limiting system NOx reduction performance to < 97.5%

3. Low NOx and SCR inlet NH3 concentrations led to significant NH3 slip due to

low adsorption rate of both the storage sites in the SCR.

8.4 Summary of the Results from SCRF® Ultra

Low NOx Aftertreatment System Modeling

Based on the limitation caused by NO2/NOx ratio at the SCR inlet in the SCR-F

+ SCR system from configuration 3, a new system was modeled that could reach a

NOx conversion e�ciency > 99.5 % for inlet exhaust gas temperatures > 200oC. The

major features of this aftertreatment system are as follows:

1. Addition of a second DOC downstream of SCR-F refered to as DOC2 to boost

the SCR inlet NO2/NOx ratio thus increasing the SCR and system NOx con-

version performance.

2. Addition of a second urea injector and decomposition tube for the SCR.

3. A control algorithm that optimizes the urea injection in the two urea injectors

to enable > 99.5% NOx reduction while maximizing PM oxidation rate in the

SCR-F and minimize NH3 slip at SCR outlet thus reducing the size of AMOX

downstream of the SCR.

Based on these changes, a model that can simulate such a system was developed based

on the 2D SCR-F, 1D SCR and 1D DOC models and existing kinetics for each of the

models. A parametric study at di↵erent urea injection values for the two injectors

was performed. The parametric study found operating points based on configuration

3 data where >99.5% NOx conversion with upto 90 % increase in passive oxidation

rate in the SCRF® can be achieved .

Based on these results, a possible control algorithm that can achieve the above stated

performance targets has been developed. Further improvement in the system with

the addition of a external electrical heater at the DOC inlet and improvement in the
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low temperature performance of the SCR and DOC catalyst can lead to a system

that has the potential to meet the 0.02 g/bhp-hr. NOx standard using components

for both cold start and hot conditions.

8.5 Summary of the Results from SCRF® State

Estimator

The SCRF® state estimator was developed based on a simplified SCR-F model that

was combined with the extended Kalman filter equations to estimate the following

unknown internal states:

1. 2D temperature distribution of substrate and exhaust gas

2. 2D PM mass distribution

3. 2D NH3 coverage fraction of the two NH3 storage sites

In order to estimate these states, the following sensor data were used :

1. Thermocouple data at SCRF® outlet

2. Pressure drop sensor data

3. SCRF® outlet NOx sensor data

The estimator was able to correct for errors in the calibration parameters and also

filter out the zero mean Gaussian noise introduced into the sensor readings as de-

scribed in Chapter 6. The resultant estimator can predict the PM mass retained to

within +/- 1.5 g, temperature distribution to within +/- 5oC and outlet NO, NO2

and NH3 concentration to within +/- 15 ppm of actual values.
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8.6 Summary of Major Findings from the Re-

search

A 2D SCR-F model was developed in this work based on MPF model developed in

[53][71][50] with an addition of a 2D species model based on the di↵usion-reaction

scheme and the addition of SCR reactions [37][2]. The model was calibrated with

thirty experiments from the Cummins 2013 ISB SCRF® consisting of four active

regeneration experiments, fourteen passive oxidation experiments with and without

urea injection, twelwe NOx reduction experiments with PM loading of 0, 2 and 4 g/l

loading. All the experimental data were calibrated to within 2 gm of the experimental

PM mass retained, within 0.1 kPa of the experimental pressure drop and the outlet

NO, NO2, NH3 concentrations were calibrated to within 20 ppm of of the experimen-

tal data. The temperature distribution in 2D was calibrated to within 5oC of the

experimental data for all the experiments during NOx reduction, PM oxidation and

active regeneration conditions. The major findings from this research are:

1. A two-site model was used for storage of the NH3 inside the SCRF® with the

first site participating in both the storage and SCR reactions and the second

site was used for only storage.

2. The outlet NO, NO2 and NH3 concentrations during urea injection are a strong

function of the PM loading in the substrate wall and the resultant inhibition

e↵ect on the SCR reactions. The concept of e↵ectiveness factor was used to

simulate the change in SCR reaction rate with a change in the PM loading

inside the substrate wall.

3. The injection of urea during passive oxidation leads to a 60-70 % reduction in the

NO2 assisted PM oxidation rate due to a change in the e↵ective NO2 available

in the PM cake caused by forward di↵usion of the NO2 from PM cake to the

substrate wall. A Tortuosity value of 8 was found as part of the calibration to

simulate this decrease in the oxidation rate during urea injection.

4. A significant decrease (85% decrease) in the PM oxidation rate in the PM

present in the substrate wall was observed for the experiments with urea injec-

tion due to the competition for NO2 inside the substrate wall between the NO2

assisted PM oxidation and the SCR reactions.
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5. The NOx reduction by the SCR reactions release energy into the exhaust gas

that a↵ects the temperature distribution and the resultant PM distribution in

the SCRF®.

6. The pressure drop was significantly a↵ected by urea injection in the SCRF®
during PM oxidation. The change in pressure drop characteristics was found

to cause a change in the wall PM oxidation rate and cake permeability. The

wall pressure drop was a↵ected by the change in PM oxidation rate due to

competition for NO2 inside the substrate wall. The PM cake pressure drop

change is due to a change in cake permeability characteristics of the SCRF®
due to forward di↵usion of NO2 between the PM cake and the substrate wall.

7. The contribution of NO2 assisted PM oxidation during active regeneration was

found to be 20 % for active regeneration experiments from the CPF experimental

[52] compared to a contribution of 5 % in the case of active regeneration in the

SCRF®. This change in reaction rate is attributed to the lack of backward

di↵usion of NO2 from substrate wall to the PM cake in the SCRF® due to a

change in the catalyst used, from an oxidation to reduction catalyst.

8. A SCR-F state estimator that can estimate the internal states of the SCRF®
including 2D temperature, PM mass and NH3 coverage fraction distribution

using pressure drop, outlet thermocouple and outlet NOx sensor data was de-

veloped.

9. In the SCRF®+SCR system, the downstream SCR NOx conversion perfor-

mance was limited by the SCR inlet NO2/NOx ratio to a maximum value of

60%.

10. A ultra low NOx system based on a SCRF® with downstream DOC and SCR

with two urea injectors was modeled. This system can achieve > 99.5% NOx

conversion while providing the potential for up to 90% improvement in the PM

oxidation performance of the system.
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8.7 Major Conclusions from the Research

The main conclusions from this work are as follows :

1. A 2D SCR-F model capable of simulating the 2D spatial distribution on tem-

perature, PM mass retained and coverage fraction of two NH3 storage sites was

developed. The model was able to simulate pressure drop, filtration e�ciency,

outlet NO, NO2 and NH3 concentrations and PM mass retained to within 5%

of the experimental data collected on a Johnson Matthey SCRF® with a Cum-

mins 2013 ISB engine.

2. A 70% reduction in the PM oxidation rate during urea injection was observed

and simulated for the passive oxidation cases using the forward di↵usion of NO2

from the PM cake to the substrate wall layer.

3. A 85% reduction in the substrate wall PM oxidation rate during urea injection

due to the competition for NO2 between the PM oxidation and SCR reactions

was simulated.

4. A 10 - 150C increase in exhaust gas temperature due to HC oxidation reaction

was observed in the SCRF® during active regeneration. A similar temperature

rise of 5 - 15 0C for the exhaust gas due to the SCR reactions was observed and

simulated during urea injection.

5. Significant change in cake permeability due to forward di↵usion of NO2 during

urea injection was observed compared to the cases with no urea injection (3

times higher change in cake permeability ratio)

6. Due to the absence of a oxidation catalyst in the substrate wall, the contribution

of NO2 assisted PM oxidation during active regeneration was observed to be less

than 8% of the total PM oxidation rate compared to a CPF from reference [53]

where a 20 % contribution was observed for the same engine conditions.

7. Inhibition of SCR reactions due to mass transfer limitation caused by PM in the

substrate wall led to 2-4% reduction in NOx reduction e�ciency of the SCRF®.

8. Change in local NO2/NOx conversion e�ciency due to PM oxidation led to

1-2% reduction in NOx conversion e�ciency of the SCRF®.
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9. Local NO2/NOx ratio played an important role in the SCRF®+SCR system

(Configuration 3) NOx conversion e�ciency leading to a 30 - 60 % reduction in

NOx conversion e�ciency of the downstream SCR due to unfavorable NO2/NOx

ratio and a significant amount of NH3 slip.

10. A SCR-F state estimator capable of estimating internal states of 2D spatial

distribution of temperature, PM mass retained and NH3 coverage fraction based

on outlet thermocouple, NOx and pressure drop sensors was developed.

11. The modeled ultra low NOx system is capable of NOx conversion e�ciencies

greater than 99.5% and the potential for a 90-100% increase in passive oxidation

rate while minimizing the urea consumption and NH3 slip for a temperature

range of 200 - 450 oC encountered in typical engine operating condition.

12. Further work on the ultra low NOx system in terms of improvements in low

temperature Cu-Ze catalyst development, addition of diesel cold start catalyst

(dCSCTM) and addition of a external heater could lead to a system capable of

meeting the 0.02 g/bhp-hr. ultra low NOx standard.
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Appendix A

Development of SCR-F Model
Mesh Equations 1

The equations that define the mesh of the 2D SCR-F model are defined in this chapter.

Figure A.1 shows the mesh used for the 2D SCR-F model. The equations in this

sections are based on the resistance node methodology defined by Depcik et al. [31]

based on the assumption that inlet and outlet channels have a rectangular geometry

with equal size.

Exhaust In Exhaust Out

X

Y

L
Center of the Filter

R

Insulation + Metal Can

�Lj

�ri

Figure A.1: 2D SCR-F model mesh

1Parts of this chapter are from reference [31]
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The SCR-F is divided into zones in radial and axial direction as shown in the figure.

The total volume of each zone is equal to

Vi,j = ⇡(r2i � r2i�1
)�Lj (A.1)

Where r is the radius and L is the length in the axial direction.The subscript i indicates

the radial direction and j indicates axial direction. �L represents the e↵ective length

of each zone which is computed as:

�Lj = Lj � Lj�1 (A.2)

The radial di↵erences are computed from the centerline distances outwards:

�ri = ri � ri�1 (A.3)

The number of cells per square meter (N) and corresponding frontal area is used to

compute the number of cells in each zone (Nc):

NCi = ⇡
�
r2i � r2i�1

�
N (A.4)

The total empty volume (Ve) in each zone is determined using the side length of

square channels (d):

V ei,j = Ncid
2�L (A.5)

The volume of the filter (Vf) in each zone equals:

V fi,j = Vi,j � V ei,j (A.6)

The volume of soot in each zone is determined based on total PM mass retained in

each zone (ms). A uniform initial loading of PM (mst) has been assumed in the model

such that the PM mass retaiend in each zone is scaled up according to volume of each

zone and total volume of the filter (Vt):

msi,j =
mst.Vi,j

Vt
(A.7)

The average thickness of PM cake in each zone (ts) is computed using the mass

retained in each zone (ms), geometry of the inlet channel and density of the PM (⇢s):

tsi,j =
1

2

"
d�

s
d2 � msi,j�

Nci
2

�
�Lj⇢s

#
(A.8)
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The empty volume of the PM (Ves) is computed using:

V esi,j =
Nci
2

⇥
(d� 2tsi,j)

2 + d2
⇤
�L (A.9)

The number of cells (Nc) is divided by 2 to account for the fact that PM deposits

only in the inlet channels. The PM cake layer shrinks the e↵ective channel open area.

The PM cake volume (Vs) in each zone equals:

V si,j = Vi,j � V fi,j � V esi,j (A.10)

The mesh setup by these equations is used to compute the PM mass retained in each

zone along with pressure drop, temperature and chemical species calculations which

are a function PM mass retained in each zone.
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Appendix B

Development of Temperature
Model and SCR Energy Release
Terms

The SCR-F model computes the spatial distribution of the substrate and inlet/outlet

channel exhaust gas temperatures using energy conservation equations. The energy

balance in the SCR-F is a↵ected by the heat transfer within and external to the

filter. Figure B.1 shows the schematic of the temperature solver mesh used in the

filter temperature model.

X

Y

Inlet
Outlet

Metal Can
Insulation

End Stop

Inlet
ChannelOutlet

Channel

Filter

Figure B.1: Schematic of the 2D SCR-F model temperature solver mesh

The axial and radial temperature distribution of the substrate wall within the filter
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at each zone is calculated using the gas energy balance Equations B.1 to B.3.

⇢gcvV1

dT1

dt
|i, j = ⇢gcp(a� 2t̄s,l)

2v1T1|i,j�1 � ⇢gcp(a� 2t̄s,l)
2v1T1|i,j�

⇢gcp4a�LvwT1|i,j + Q̇1|i,j
(B.1)

(⇢cccVc + ⇢wcwVw)
dTf

dt
|i, j = Q̇cond + Q̇conv + Q̇rad + Q̇reac + Q̇amb+

⇢gcp4a�Lvw(T1 � Tf )|i,j
(B.2)

⇢gcvV2

dT2

dt
|i, j = ⇢gcpa

2v2T2|i,j�1 � ⇢gcpa
2v2T2|i,j�

⇢gcp4a�LvwTf |i,j + Q̇2|i,j
(B.3)

Where, Tf is the filter substrate temperature. The axial and radial conduction along

the length of the filter is calculated using resistance node methodology [31][53]. The

substrate energy balance equation B.2 accounts for the axial and radial conduction,

convection, energy release due to PM and HC oxidation and heat transfer due to

radiation within the channels.

Equation B.4 is used to compute the heat transfer due to conduction through the

substrate material. The axial and radial conduction along the length of the filter are

calculated using Equations B.5 and B.6.

Q̇cond = Q̇cond,axial + Q̇cond,radial (B.4)

Q̇cond,axial = �ki,jAf,i,j


Tf,i,j+1 � Tf,i,j

1

2
(�Lj+1 +�Lj)

+
Tf,i,j�1 � Tf,i,j

1

2
(�Lj�1 +�Lj)

�
(B.5)

Q̇cond,radial = �ki,jAf,i,j

2

4Tf,i+1,j � Tf,i,j

ln
⇣

rci+1

rci

⌘ +
Tf,i�1,j � Tf,i,j

ln
⇣

rci
rci�1

⌘

3

5 (B.6)

Where
Af,i,j =

vc,i,j + vw,i,j

�Li
(B.7)

Ar,i,j = 2⇡�Lj (B.8)

�Ki,j =
�kcvc,i,j + �kwvw,i,j

vc,i,j + vw,i,j
(B.9)
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The convection heat transfer between the filter and channel gas is given as:

Q̇conv = vf,i,j⇢i,jcpAw,i,j(Tf,i,j � T1,i,j) + hgAc,i,j(T2,i,j � T1,i,j)�j (B.10)

Heat transfer from the filter to ambient by radiation is given by

Q̇rad = �Aw,i,j(F3�1(j3 � j1)) + F3�2(J3 � J2) (B.11)

The energy released during exothermic reactions is given by

Q̇reac = Q̇reac,PM + Q̇reac,HC + Q̇reac,SCR (B.12)

Q̇reac,m = RRm�Hm (B.13)

Where Q̇reac,m is the energy released by reaction m, RRm, and �Hm are the reaction

rate and energy release by reaction m. At the inlet of the SCR-F model (for nodes i =

1 to imax and j = 1), the temperature profile is calculated using the thermal boundary

layer equations explained in the following section. The radial temperature distribution

at the inlet of the SCR-F filter is a↵ected by the thermal boundary layer development

as explained in earlier references [53][71]. In order to account for the thermal boundary

layer development, the empirical temperature factor profile is determined by analyzing

experimental data. For a fully developed flow, the temperature factor shown below

is constant across the length (temperature profile is constant):

@

@x


Tsx� T (r, x)

Ts(x)� Tm(x)

�
= 0 (B.14)

TemperatureFactor(x) = �2.493x3 + 1.0585x2 � 0.3285x+ 1.7631 (B.15)

The SCR-F model uses the upstream inlet temperature measured by a single thermo-

couple (like ECU measuring the upstream exhaust gas temperature of SCR-F) and

calculates the 2D temperature distribution of the exhaust gas entering the SCR-F

using the equations B.14 and B.15.

At the center of the filter (for i = 1 , j = 1 to jmax ) due to the symmetry, the

boundary condition equals to :
dTf

dr
|r=0 = 0 (B.16)

At the outermost radial zones, the axial and radial temperature distribution is cal-

culated using the gas energy balance Equation B.17 accounting for the ambient heat
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loss through the can and insulation materials.

At the exterior of the SCR-F ( i = imax,j = 1 to jmax )

(⇢wcwVw,i,j + ⇢cccVc,i,j + ⇢cancp,canVcan)
dTf

dt
= Q̇cond,axial + Q̇cond,radial+

Q̇conv + Q̇reac + Q̇rad + Q̇amb+

⇢gcp4a�Lvw(T1 � Tf )|i,j

(B.17)

The heat transfer to the ambient is given as:

Q̇amb =

hambkinskmetalAamb
Tamb � Tf,i,j

kinskcan + ln
⇣

rins
rf

⌘

i,j
rc,i,jkcanhamb + ln

⇣
rc
rins

⌘

i,j
rc,i,jkinshamb

+

✏r�Aamb(T
4

amb � T 4

f,i,j)
(B.18)

The conduction through the packing material and metal can is considered in the most

outer radial zones. The surface area of the SCR-F is calculated as follows

Aamb = ⇡D�Lj (B.19)
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Appendix C

Development of E↵ectiveness
Factor for the SCR Reactions

The inhibition caused by the presence of PM in the substrate wall on the SCR reac-

tions was simulated using the e↵ectiveness factor concept form reference [7]. Figure

C.1 represents the geometry used to model the PM deposited in the substrate wall.

Figure C.1: Inhibition of NH3 transport to active site due to PM in the
substrate wall [7]

Based on Figure C.1 the reaction di↵usion equations are given by

@2C̄

@⇠̄2
� �2C̄ = 0 (C.1)
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@2C̄

@⇠̄2
= 0 (C.2)

where C̄s is concentration of chemical species at the catalyst surface and ⇠̄ is the

non dimensional length scale defined by ratio ⇠
�w
. The thickness of the PM cake is

computed using the filtration model as �s � �w. Based on these quantities the value

of Thiele modulus �w is computed.

�w =

s
kR,w�2w
Deff,w

(C.3)

Thiele modulus is the ratio of di↵usion and reaction inside the wash-coat. A higher

value of this variable indicates mass transport limitation in terms of reaction rate thus

resulting in inhibition of the SCR reactions that take place on the catalyst surface.

kR,w represents the rate constant of individual reaction. The boundary conditions for

this equation are given by :

at ⇠̄ = 0,
@C̄

@⇠̄
= 0 (C.4)

at ⇠̄ = 1, C̄ = 1 (C.5)

at ⇠̄ =
�w
�s

, C̄ =
Cws

CI
(C.6)

C̄(⇠̄) =
sin(�w⇠̄)

sinh(�w)
for 0  ⇠̄  �w (C.7)

C̄(⇠̄) =
�c(Cws � CI)

CI(�s � �w)
⇠̄ +

CI�s � Cws�w
CI(�s � �w)

for �w  ⇠̄  �s (C.8)

Where the chemical species concentration at the catalyst surface CI is compute using

CI =

Deff,s

(�s��w)p
Deff,wkR,wtanh(�w) +

Deff,s

(�s��w)

Cws (C.9)
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Based on the above equation an e↵ectiveness factor is computed for each of the SCR

reactions and adsorption, desorption reaction in the SCR-F model

⌘s =
RRact

RRideal
=

Deff,s

kR,w�w

 
1� CI

Cws

�s � �w

!
(C.10)

RRact =
1

�w

"
�Deff,s

@C

@⇠

����
⇠=⇠w

#
=

�Deff,s(Cws � CI)

�w(�s � �w)
(C.11)

⌘s =

p
Deffkidealtanh(�w)

(�s � �w)
p
Deffkidesltanh(�w) +Deff

(C.12)

kactual = kideal⌘s (C.13)

lim
�s!�w

⌘s =

p
Deff,wkR,wtanh(�w)

kR,w�w
=

tanh(�w)

�w
= ⌘c (C.14)

The e↵ectiveness factor is applied to the clean wall rate constant computed using

the rate constant and chemical species concentrations of the reactants. The resultant

is able to simulate the inhibition of wall PM on the SCR reactions and thus NOx

reduction performance of the SCR-F for di↵erent PM loading conditions.

RRact = ⌘sRRclean (C.15)
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Appendix D

Development of Cake Permeability,
Pressure Drop and Filtration
Models

The pressure drop across the SCR-F consists of three components 1) Cake 2) wall

and 3) Channel pressure drop. The total pressure drop based on these 3 components

is computed using Equation D.1.

�P SCR�F = �Pwall +�P cake +�P channel (D.1)

Where, P1|x=0 and P2|x=L are the absolute pressure values at the inlet and outlet of

the representative cell in the inlet and the outlet channel respectively. The equations

used to obtain these values is described in reference [37]. The wall pressure drop at

each zone is given by Eq. 3.39

�Pwalli,j = µi,jvwi,j

ws

kwalli,j
(D.2)

Where,�pwall is the wall pressure drop, vw is the wall layer velocity, ws is the substrate

wall thickness and kwall is the wall permeability. The cake pressure drop at is given

by Eq. 3.40

�P cakei,j = µi,jvsi,j
wpi,j

kcakei,j
(D.3)

�P SCR�F,i = [P1|x=0 � P2|x=L]i (D.4)
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The total pressure drop across the SCR-F accounting for all radial zones is given by

Eq. 3.42

�P SCR�F =

P
smax

s1

Pi=M
i=1

VFi�P SCR-F,i

smax
(D.5)

In pressure drop sub model, the pressure drop at each radial section is calculated

by starting out with exit pressure P2|x=L = PBaro and then traversing through all

possible streamlines as shown in Figure D.1.

I1 I2 I3 I4

O4O3O2O1

�x

x = 0 x = Lj = 1 j = 2 j = 3

P1|i

P2|i

Figure D.1: Schematic of the streamlines (shown a dashed lines) used for
calculating the pressure drop across CPF/SCR-F for 3x1 zone model (4

axial and 1 radial discretization).

The pressure drop across each radial section is calculated as

�Pi,s1 = [P1|x=0 � P2|x=L]i,s1 (D.6)

�Pi,s2 = [P1|x=0 � P2|x=L]i,s2 (D.7)

�Pi,s3 = [P1|x=0 � P2|x=L]i,s3 (D.8)

The pressure drop in the outlet channel stream lines (O4, O3, O2 and O1) are calcu-

lated using the following equation

P2|i,j = P2|i,j+1 + ⇢v2
2
|i,j+1 � ⇢v2

2
|i,j + F�x

µv2
a2

|i,j (D.9)

The pressure drop in the inlet channel stream lines (I4, I3, I2 and I1) are calculated

using the following equation

P1|i,j = P1|i,j+1 + ⇢v2
1
|i,j+1 � ⇢v2

1
|i,j + F�x

µv1
a2

✓
a⇤

a

◆2

|i,j (D.10)
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D.0.1 Wall and Cake Pressure drop

The wall pressure drop is calculated using the following equation

�Pwall = µvw
ws

kwall
(D.11)

The cake pressure drop is calculated using the following equation

�Pcake = µvs
wp

kcake
(D.12)

D.0.2 Total Pressure drop

The pressure across each radial zone section is calculated as

�Pi = [P1|x=0 � P2|x=L]i (D.13)

The overall pressure drop across SCR-F is given by

�PSCR�F =
ṁtotalPm

i=1

ṁi
�PSCR�F,i

ṁi (D.14)

Further, the mass flow rate into each radial zone is corrected by the following equation:

ṁi,corr =
�PSCR�F

�PSCR�F,i
ṁi (D.15)

The mass flow correction in Equation D.15 continues until the pressure drop calculated

in every radial zone becomes equal.

D.0.3 Filtration E�ceincy

In filtration sub-model, the substrate wall is divided into p number of slabs. Each

slab consists of several spherical wall collectors [37][27]. The diameter of unit collector

increases as the PM accumulates in to the collector. The initial diameter of the unit
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collector is given as:

dc0,w =
3

2

✓
1� ✏0,s
✏0,s

◆
dpore,wall (D.16)

The number of pores in the substrate wall is given as [27]

Np =
Veo

4⇡
3

⇣
dpore,wall

2

⌘2 (D.17)

The empty volume of the substrate wall is given as

Veo = ✏0,sVf (D.18)

The number of pores in each slab at each zone is calculated as

[Np]n =
Np

P
(D.19)

where, n = 1 to P with increments of 1. Wall collector e�ciency at each slab is

calculated as

⌘wall,n = [⌘D + ⌘R� ⌘D⌘R]wall,n (D.20)

The filtration e�ciency of a unit collector in the PM cake layer is calculated as

⌘cake,n = [⌘D + ⌘R� ⌘D⌘R]cake (D.21)

The overall e�ciency of the filtration is equal to:

⌘total = 1�
"
(1� ⌘cake)

pY

n=1

(1� ⌘wall,n)

#
(D.22)

where, ⌘cake is the PM cake layer filtration e�ciency and ⌘wall,n is the filtration ef-

ficiency of each slab in the substrate wall. The transition from deep bed to cake

filtration is computed using Partition coe�cient:

� =
dc2wall,1 � dc2

0,wall,1

( b)2 � dc2
0,wall,1

(D.23)
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Appendix E

SCRF® Species Model
Development

The SCR-F model consist of two sets of chemical reactions:

1. Oxidation reactions - NO, CO, HC and PM oxidation.

2. SCR Reactions - Standard, fast and slow SCR reactions, NH3 oxidation, ad-

sorption and desorption.

The species model uses the chemical species conservation equation to compute change

in chemical species concentrations across the PM cake and substrate wall. The major

assumptions made in the species model are:

1. Molecular density of exhaust gas mixture (⇢exh,w) is constant in the PM cake +

Substrate wall control volume.

2. Concentration of chemical species in the inlet channel is assumed to be constant

and is equal to inlet concentrations.

3. Concentration of chemical species in the outlet channel is equal to concentration

at wall outlet boundary. Mass transport is governed by convection and di↵usion

as shown in Equations E.1, E.2 and E.3
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dC1,l

dt
= v1

dC1,l

dx
+

✓
4

a

◆
k1(C1s,l � C1,l) +

✓
4

a

◆
vfC1,l (E.1)

dCf,l

dt
= vf

dCf,l

dy
+

d

dy

✓
Dl

dCf,l

dy

◆
�
X

k

⇠l,mRm (E.2)

dC2,l

dt
= v2

dC2,l

dx
+

✓
4

a

◆
k2(C2,l � C2s,l) +

✓
4

a

◆
vfC2s,l (E.3)

The first di↵usivity Dl is governed by two mechanisms molecular di↵usion and Knud-

sen di↵usion. The overall di↵usivity is calculated based on Equation

Dl =
1

⌧
✏

h
1

Dmol,l
+ 1

Dkn,l

i (E.4)

Where molecular di↵usivity and Knudsen di↵usivity are calculated by Equation E.5

and E.6 [37].

Dl =
1� YlP
j 6=i

yj
Dl,j

(E.5)

Dkn,l =
dp
3

r
8RT

⇡MWl
(E.6)

The di↵usion phenomena plays an important role in oxidation of PM as it determines

mass transport of NO and NO2 between PM cake and substrate layer. In case of a

CPF where oxidation catalyst is present in the substrate wall back di↵usion of NO2

takes place due to excessive concentration in the substrate wall. In the case of SCR-F

forward di↵usion of NO and NO2 due to NOx reduction in the substrate takes place.

The chemical species are tracked as the exhaust gas passes through the PM cake and

the substrate wall.

E.0.1 Oxidation Reactions

The oxidation reactions are assumed to take place inside the substrate wall where the

catalyst is embedded. The oxidation reactions being considered are as follows

C12H24 + (18)O2 �! (12)CO2 + (12)H2O (E.7)

CO +

✓
1

2

◆
O2 �! CO2 (E.8)
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NO +

✓
1

2

◆
O2 �! NO2 (E.9)

The corresponding reaction rate equations are as follows

RHC =
AHC(Tw)xHCe�

EaHC
RTw [C12H24][O2]

G1

(E.10)

RCO =
ACO(Tw)xCOe�

EaCO
RTw [CO][O2]

G2

(E.11)

RNO =
ANO(Tw)xNOe�

EaNO
RTw

G2


[NO][O2]

1
2 � [NO2]

kc

�
(E.12)

Where

Kc = Kp

r
RTw

P
(E.13)

Kp = e(
6950.09

Tw
�9.12) (E.14)

G1, G2 and G3 are inhibition factors caused by adsorption of HC, CO and NO in the

substrate wall

The PM oxidation reactions are considered in both the PM cake and substrate wall.

The rate equations for the thermal and NO2 assisted PM oxidation are given by :

C +

✓
1� fCO

2

◆
O2 �! (fCO)CO + (1� fCO)CO2 (E.15)

C + (2� gCO)NO2 �! (gCO)CO + (1� gCO)CO2 + (2� gCO)NO (E.16)

RO2,oxid
= KO2 , CO2 (E.17)

RNO2,oxid = KNO2CO2 (E.18)

E.0.2 SCR Reactions

The SCR reactions considered in the SCR-F model include the standard, fast and

slow SCR reactions. The adsorption and desorption of NH3 has also been modeled

as Arrhenius form for the two sites in which NH3 adsorption takes place. Equations
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E.19, E.20 and E.21 show the equations used for adsorption and desorption of NH3.

dCl

dt
= vw

dCl

dx
�
X

j

⇠l,mRm (E.19)

⌦1✓̇1 = Rads,1 �Rdes,1 �
X

j

⇠l,mRm (E.20)

⌦2✓̇2 = Rads,2 �Rdes,2 (E.21)

Where Cl is the concentration of species in the given domain, dt is time step size and

dx is length of axial division, vw is the velocity of exhaust gas through the PM cake +

Substrate wall. ⇠l,m is the stoichiometric coe�cient of chemical species l in reaction

m, Rm is the reaction rate of reaction m. ⌦1 maximum storage capacity of first NH3

storage site in the SCR-F capable of both storage and consumption on NH3 by SCR

reactions, ✓1 is the storage fraction for the first site. Similarly, ⌦1 and ✓1 are the

storage capacity and coverage fractions for second site responsible for only storage of

NH3.
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Appendix F

SCRF® Configuration 1, 2 and 3
Experimental Data Test Points

Tables F.1 to F.7 compare the experimental and model pressure drop, outlet tem-

perature, outlet NO, NO2, NH3 concentrations and filtration e�ciency values for the

18 Configuration 1 experiments. The Configuration 1 passive oxidation experiments

without urea injections are referred to as PO - Test Name and experiments with urea

injection are referred to as POU - Test Name. Test Name represents test conditions

A - E used for the passive oxidation stage. The experimental data presented here

comes from references [5], [4] and [51]
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Table F.1
Outlet NH3 (experimental vs model) configuration 1 data

Outlet NH3 [ppm]
Exp. Name PO

(-) Expt. in Expt. Model Di↵.
POU-A 652 36 30 6
POU-B 1617 10 2 8

POU-B Repeat 1720 10 16 -6
POU-C 1124 0 8 -8
POU-D 477 21 31 -10

POU-D Repeat 510 25 30 -5
POU-E 1463 10 40 -30

RMS Di↵erence 9

Table F.2
Outlet temperature (experimental vs model) configuration 1 data

Outlet temperature [oC]
Exp. Name DNSCR-F

(-) Expt. Model Di↵.
PO-A 274 277 -3
PO-B 274 275 -1

PO-B Repeat 275 278 -3
PO-C 352 354 -2
PO-D 374 366 8

PO-D Repeat 372 377 -5
PO-E 377 370 7
POU-A 274 269 5
POU-B 284 279 5

POU-B Repeat 284 280 4
POU-C 349 352 -3
POU-D 373 371 2

POU-D Repeat 371 367 4
POU-E 360 358 2
AR-1 507 506 1
AR-2 562 561 1
AR-3 602 599 3

AR-2 Repeat 556 555 1
RMS Di↵erence 4
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Table F.3
Filtration e�ciency (experimental vs model) configuration 1 data

Filtration e�ciency [%]
Exp. Name Stage - 2

(-) Expt. Model Di↵.
PO-A 97.5 98.5 -1.0
PO-B 99.2 98.6 0.6

PO-B Repeat 98.2 98.4 -0.2
PO-C 99.8 98.5 1.3
PO-D 98.6 98.8 -0.2

PO-D Repeat 97.2 98.5 -1.3
PO-E 98.3 98.6 -0.3
POU-A 96.3 98.4 -2.1
POU-B 96.7 98.2 -1.5

POU-B Repeat 97.6 98.2 -0.6
POU-C 96.1 98.4 -2.3
POU-D 96.8 98.3 -1.5

POU-D Repeat 96.8 98.2 -1.5
POU-E 98.1 98.1 0.0
AR-1 98.3 98.5 -0.2
AR-2 98.4 98.4 0.0
AR-3 98.8 98.4 0.4

AR-2 Repeat 98.5 98.5 0.0
RMS Di↵erence 1.4
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Tables F.8 to F.14 compare the experimental and model pressure drop, outlet tem-

perature, outlet NO, NO2, NH3 concentrations and filtration e�ciency values for the

12 Configuration 2 experiments.

Table F.8
Outlet temperature (experimental vs model) configuration 2 data

Outlet temperature [oC]
Exp. Name DNSCRF® ANR = 1.2

(-) Expt. Model Di↵.
Test 1 - 0 214 215 -1
Test 1 - 2 217 215 2
Test 1 - 4 210 209 1
Test 2 - 0 311 310 1
Test 3 - 2 319 315 4
Test 3 - 4 315 315 0
Test 6 - 0 355 356 -1
Test 6 - 2 348 353 -5
Test 6 - 4 342 341 0
Test 8 - 0 453 452 1
Test 8 - 2 447 443 5
Test 8 - 4 453 451 2

RMS Di↵erence 4

Table F.9
Filtration e�ciency (experimental vs model) configuration 2 data

Filtration e�ciency [%]
Exp. Name Stage - 2
Test # - g/l Expt. Model Di↵.
Test 1 - 2 96.9 98.4 -1.5
Test 1 - 4 99.9 98.3 0.7
Test 3 - 2 97.7 98.5 -0.8
Test 3 - 4 97.4 98.7 -1.3
Test 6 - 2 98.0 98.5 -0.5
Test 6 - 4 99.0 98.6 0.4
Test 8 - 2 97.8 98.4 -0.6
Test 8 - 4 99.0 98.4 0.6

RMS Di↵erence 0.9
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Table F.10
Pressure drop (experimental vs model) configuration 2 data

Pressure drop [kPa]
Exp. Name End of loading (Stage 1, 2) End of PO
Test # - g/l Expt. Model Di↵. Expt. Model Di↵.
Test 1 - 2 8.31 8.05 0.26 3.28 3.38 -0.1
Test 1 - 4 12.49 12.15 0.34 4.81 4.92 -0.11
Test 3 - 2 8.00 7.61 0.39 7.11 6.93 0.18
Test 3 - 4 11.31 10.90 0.41 10.82 10.99 -0.17
Test 6 - 2 6.87 6.98 -0.10 2.00 2.22 -0.22
Test 6 - 4 13.46 13.15 0.32 2.09 2.30 -0.21
Test 8 - 2 8.12 8.37 -0.25 6.73 6.40 0.33
Test 8 - 4 13.41 13.75 -0.34 10.64 10.40 0.24

RMS Di↵erence 0.33 0.44

Table F.11
PM mass retained (experimental vs model) configuration 2 data

PM mass retained [g]
Exp. Name Stage - 1 Stage - 2 End of PO
Test # - g/l Expt. Model Di↵. Expt. Model Di↵. Expt. Model Di↵.
Test 1 - 2 2.82 2.11 0.71 29.4 30.2 -0.89 32.3 33.3 -1.06
Test 1 - 4 3.98 4.56 -0.58 61.2 60.9 0.28 65.1 63.5 1.61
Test 3 - 2 2.58 2.34 0.24 29.9 30.1 -0.26 32.6 31.2 1.34
Test 3 - 4 2.53 3.51 -0.98 53.5 54.4 -0.89 51.8 50.6 1.16
Test 6 - 2 2.53 1.69 0.84 30.1 29.8 0.38 17.9 18.8 -0.89
Test 6 - 4 3.89 3.97 -0.08 59.1 58.9 0.18 58.7 60.7 -1.94
Test 8 - 2 2.83 2.03 0.80 32.5 32.8 -0.28 10.1 9.9 0.21
Test 8 - 4 4.35 4.64 -0.29 67.8 69.9 -2.14 52.8 53.4 -0.53

RMS Di↵erence 0.64 0.90 1.2
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Tables F.15 to F.21 compare the experimental and model pressure drop, outlet tem-

perature, outlet NO, NO2, NH3 concentrations and filtration e�ciency values for the

7 Configuration 3 experiments.

Table F.15
Outlet temperature (experimental vs model) configuration 3 data

Outlet temperature [oC]
Exp. Name DNSCR-F

(-) Expt. Model Di↵.
Test 1 216 213 3
Test B 278 275 3
Test A 274 273 0
Test C 349 351 -2

Test C with SCR 355 352 3
Test C W/O SCR 362 360 2

Test D 376 378 -2
Test E 369 372 -3

RMS Di↵erence 2

Table F.16
Filtration e�ciency (experimental vs model) configuration 3 data

Filtration e�ciency [%]
Exp. Name Stage - 2

(-) Expt. Model Di↵.
Test 1 98.4 98.4 0.1
Test B 97.6 98.3 -0.7
Test A 98.3 98.7 -0.4
Test C 98.4 98.4 0

Test C with SCR 98.2 98.2 0
Test C W/o SCR 98 98.3 -0.3

Test D 95.7 98.2 -2.5
Test E 98.4 98.3 0.1

RMS Di↵erence 1.1
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Table F.19
Outlet NO2 (experimental vs model) configuration 3 data

Outlet NO2 [ppm]
(-) Outlet SCRF® Outlet SCR

Exp. Name Expt. Model Di↵. Expt. Model Di↵.
Test 1 0 0 0 0 0 0
Test B 0 0 0 0 0 0
Test A 1 0 1 0 0 0
Test C 0 0 0 0 0 0

Test C with SCR 3 0 3 2 0 2
Test C w/o SCR 1 0 1 1 0 1

Test D 0 0 0 0 0 0
Test E 1 0 1 0 0 0

RMS Di↵erence 12 8

Table F.20
Outlet NO (experimental vs model) configuration 3 data

Outlet NO [ppm]
(-) Outlet SCRF® Outlet SCR

Exp. Name Expt. Model Di↵. Expt. Model Di↵.
Test 1 7 12 -5 8 11 -3
Test B 5 10 -5 9 8 1
Test A 18 15 3 24 9 15
Test C 4 12 -8 17 8 9

Test C with SCR 25 32 -7 13 25 -8
Test C w/o SCR 15 24 -9 22 20 -2

Test D 3 11 -8 13 7 6
Test E 8 5 3 6 0 6

RMS Di↵erence 14 12

Table F.21
Outlet NH3 (experimental vs model) configuration 3 data

Outlet NH3 [ppm]
(-) Outlet SCRF® Outlet SCR

Exp. Name Expt. Model Di↵. Expt. Model Di↵.
Test 1 1 15 -14 2 8 -6
Test B 10 17 -7 4 9 -5
Test A 30 44 -14 28 25 3
Test C 17 30 -13 18 20 -2

Test C with SCR 19 5 14 12 0 12
Test C w/o SCR 32 25 7 27 15 12

Test D 41 37 4 36 30 6
Test E 29 38 -9 32 28 4

RMS Di↵erence 10 14
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Figures F.1 to F.8 compare the experimental and model outlet emissions from the 8

configuration 2 experiments with 2 and 4 g/l PM loading and inlet ANR of 0.8, 1.0

and 1.2.
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Figure F.1: Test 1 with 2g/l PM loading outlet emissions vs time
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Figure F.2: Test 1 with 4 g/l PM loading outlet emissions vs time
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Figure F.3: Test 3 with 2 g/l PM loading outlet emissions vs time
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Figure F.4: Test 3 with 4 g/l PM loading outlet emissions vs time

240



www.manaraa.com

10.6 10.7 10.8 10.9 11 11.1

Time(hrs)

0

500

1000

N
O

 c
o

n
c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NO

Model outlet NO

15.6 15.7 15.8 15.9 16 16.1 16.2

Time(hrs)

0

500

1000

N
O

 c
o

n
c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NO

Model outlet NO

10.6 10.7 10.8 10.9 11 11.1

Time(hrs)

0

200

400

600

800
N

O
2
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NO
2

Model outlet NO
2

15.6 15.7 15.8 15.9 16 16.1 16.2

Time(hrs)

0

200

400

600

N
O

2
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NO
2

Model outlet NO
2

10.6 10.8 11 11.2 11.4

Time(hrs)

0

50

100

N
H

3
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NH
3

Model outlet NH
3

15.6 15.7 15.8 15.9 16 16.1 16.2

Time(hrs)

0

50

100

150

N
H

3
 c

o
n

c
e
n

tr
a
ti

o
n

 (
p

p
m

)

Experimental outlet NH
3

Model outlet NH
3

Figure F.5: Test 6 with 2 g/l PM loading outlet emissions vs time
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Figure F.6: Test 6 with 4 g/l PM loading outlet emissions vs time
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Figure F.7: Test 8 with 2 g/l PM loading outlet emissions vs time
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Figure F.8: Test 8 with 4 g/l PM loading outlet emissions vs time
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Comparison of the experimental and model temperature distributions from the 8

configuration 2 experiments with 2 and 4 g/l PM loading at inlet ANR of 1.2 is show

here.
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Figure F.9: Test 1 with 2 and 4 g/l PM loading experimental and model
temperature distribution at ANR = 1.2
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Figure F.10: Test 3 with 2 and 4 g/l PM loading experimental and model
temperature distribution at ANR = 1.2
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(a) Test 6 2 g/l
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Figure F.11: Test 6 with 2 and 4 g/l PM loading experimental and model
temperature distribution at ANR = 1.2
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Figure F.12: Test 8 with 2 and 4 g/l PM loading experimental and model
temperature distribution at ANR = 1.2
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Appendix G

SCRF® Calibration Parameters

G.1 Parameters from Model Calibration

The set of calibration parameters for the SCR-F Model were identified based on the

calibration procedure described in Chapter 4. The following section describes the

common set of parameters obtained and the Arrehenius plots used for the chemical

reaction kinetics used. The list of calibration parameters are presented in the following

sections

G.1.1 Filtration Parameters

There are several important parameters in the filtration e�ciency model that were

determined from the experimental data. The initial permeability of the wall Ko,w

determines the clean wall pressure drop of the SCR-F. For the 30 experiments used

for the calibration process the values of initial permeability varied by 1.29 +/� 0.1

E-13 due to the variation in the pressure drop values with 1.29 E-13 being the value

that was able to simulate the initial pressure drop to within +/� 0.1 kPa for all

experiments. The transition permeability determines the time at which the filtration

transitions from deep bed to cake filtration, based on the slope of the pressure drop

curves. This value was determined to be in the range of 8 +/- 0.04 E-13 with 8E-13

being the final common value.
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The first and second wall packing density C1,wpm and C2,wpm were determined based

on the slope of the pressure drop curve in the first 30 minutes of the loading stage

where the deep bed filtration is dominant. A value of 2.35 and 0.723 was found for

each of these parameters comparable to the values from reference [37] for a CPF.

The parameters C3, C4, C6 and C7 were based on the pressure drop curve slope

during the loading stages of all the experiments with values of 103.2, 110, 100 and

300 respectively being determined. The permeability of the cake (Ko,cake) and initial

solidosity (↵o,cake) were changed for di↵erent experiments however a common value

of 7.01E-15 and 0.05 were found as the parameters for all the experiments. The post

loading cake permeability parameters C11 and C13 with values of 1.485 and 0.664 were

found based on the slope of stage 3 and 4 pressure drop curves for all the configuration

1 experiments.

Table G.1 shows the final pressure drop and filtration parameters found during the

calibration of the SCR-F model with configuration 1 data with and without urea

injection.

Table G.1
SCR-F model pressure drop parameters

Parameter Description Value Units
Substrate Wall

Ko,w Initial permeability of substrate wall 1.29E-13 (m2)
Ko,trans Transition permeability of substrate wall 8.00E-13 (m2)

Wall PM
C1wpm First constant for wall packing density 2.35 (1/m3)
C2wpm Second constant for wall packing density 0.723 (kg/m3)
C3 Ref. pressure for wall permeability corr. 103.2 (kPa)
C4 Wall permeability correction factor 110 (-)

PM cake layer
↵o,cake Initial solidosity of PM cake layer 0.05 (-)
Ko,cake Initial / ref. permeability of PM cake layer 7.01E-15 (m2)
Aeff,cake PM cake maximum filt. e�. parameter 0.95 (-)

C5 Cake permeability correction factor 1.43E-13 (kg m�1)
C6 Ref. pressure for lambda correction 100 (kPa)
C7 Ref. temperature for lambda correction 300 (K)
C10 Slope for post loading cake permeability 0 (-)
C11 Constant for post loading cake permeability 1.485 (-)
C13 Constant for oxidation cake permeability 0.664 (-)
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G.1.2 Thermal Parameters

The thermal parameters are responsible for the 2D substrate temperature distribution

and the SCR-F outlet exhaust gas temperature simulation. Initially the heat loss to

the ambient in each configuration experiment was simulated by using di↵erent values

of Hamb. A common value of 24.1 W/m2K was found for this parameter which

was able to simulate the temperature distribution in the outer 20 % of the SCR-F

diameter for all the experiments. The radiation heat transfer coe�cient (⌘filter) of 0.64

was found using the same procedure as Hamb. The density of the filter determines

the transient response of the filter and changes as the filter is filled with PM. A

value of 449 kg/m3 was found for this parameter. Table G.2 shows the final thermal

parameters found during the calibration of the SCR-F model with configuration 1

data with and without urea injection.

Table G.2
SCR-F model thermal parameters

Parameter Description Value Units
Thermal Properties

Hamb Convection heat transfer coe�cient 24.1 (W/m2K)
⌘filter Radiation heat transfer coe�cient 0.64 (-)
⇢filter Density of substrate 449 (kg/m3)

G.1.3 Catalyst Parameters

The catalyst loading location in the SCR-F was an unknown quantity. Initially the

catalyst loading was assumed to be uniformly coated in the axial and radial direc-

tions and the maximum storage capacity of the Cu-Ze catalyst was identified by the

calibration of the SCR kinetics using NO, NO2 and NH3 outlet emissions in the config-

uration 2 data without PM loading. However, during the configuration 2 calibration,

the temperature distribution in the SCRF® was found to be a function of energy

released by SCR reactions. Figure G.1 shows a case where the exhaust gas tempera-

ture in the SCRF® is increasing in the axial direction during NOx reduction by the

SCR reactions.

As can be observed in the Figure G.1, the temperature rise occurs in the first 30 %
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Figure G.1: Temperature distribution during NOx reduction at ANR 1 -
Test 6 with 2 g/l PM loading configuration 2

length of the filter from 0 to 100 mm. Based on the further analysis of the temperature

distribution, it was concluded that the experimenntal temperature rise from 0 to 50

mm is negligible indicating a variation in axial distribution of the Cu-Ze catalyst

loading with three distinct zones. Based on the temperature data, the SCRF® was

divided into three zones, the axial length 0 to 50mm was identified as first zone with

0.5 times the value of average catalyst loading, the zone 2 from 50 to 100 mm had 1.5

times the average catalyst loading with the third zone from 100 to 300 mm containing

0.8 times average catalyst coating loading. On applying this catalyst loading profile

based on maximum storage capacity of NH3 storage sites combined with the di↵usion

of chemical species in the axial direction in the inlet and the outlet channels, the SCR-

F model was able to simulate the temperature distribution in the SCRF® during NOx

reduction. Figure G.2 illustrate the zones used for catalyst loading distribution used

in the model based on the calibration to the temperature distribution data.

G.1.4 Catalytic Reactions and PM Oxidation Kinetics

The PM oxidation in the SCR-F model takes place by two reactions - NO2 assisted

and thermal PM oxidation. The PM cake kinetics for both these reactions are shown

in Table G.3. These kinetics were able to simulate the PM oxidation rate for all the 37

experiments. The activation energy of 116.5 kJ/gmol for NO2 assisted PM oxidation
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Figure G.2: Di↵erent catalyst loading zones in the SCRF®

was found using the 7 PO experiments without urea injection in configuration 1 data.

The thermal PM oxidation activation energy of 197.8 kJ/gmol was found using the

four AR experiments from configuration 1. The pre exponential of the NO2 assisted

oxidation changed during the PO stage compared to the loading stage due to a change

in the nature of the PM Oxidation from 688 to 164 m/K-s. The pre exponential of

thermal oxidation remains constant at 374 m/K-s for all the engine conditions.

Table G.3
PM oxidation kinetics - PM cake

PM
Oxid.

Symbol Description Loading/Oxidation Units

Passive
(NO2)

ANO2,cake
Pre Exponential 688/164 m/K-s

EaNO2,cake
Activation
energy

116/116 kJ/gmol

Thermal
(O2)

Ath,cake Pre Exponential 374/374 m/K-s

Eath,cake Activation
energy

197.8/197.8 kJ/gmol

Table G.4 shows the kinetics of the PM oxidation reactions in the substrate wall. A

di↵erent pre exponential than the cake was used for the thermal and NO2 assisted PM

oxidation of the PM in the substrate wall. The activation energies remain the same

as PM cake. The pre exponential of passive oxidation rate of wall PM was changed

for the oxidation and loading stages.
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Table G.4
PM oxidation kinetics - PM in the wall

PM
Oxid.

Symbol Description Loading/Oxidation Units

Passive
(NO2)

ANO2,wall
Pre Exponential 1211/605 m/K-s

EaNO2,wall
Activation
energy

116.5/116.5 kJ/gmol

Thermal
(O2)

Ath,wall Pre Exponential 486.9/486.9 m/K-s

Eath,wall Activation
energy

197.8/ 197.8 kJ/gmol

Table G.5 shows the kinetics of the species oxidation reactions. These kinetics were

found using the activation energies from reference [37]. The kinetics of CO and HC

oxidation remained the same as the CPF while the NO oxidation kinetics decreased

significantly due to the low NO oxidation reaction rate observed in the SCRF®. This

reduction of NO oxidation can be attributed to a change in the catalyst from Pt group

metals used in the CPF to Cu-Ze catalyst used in the SCRF®. Due to the low NO

oxidation rate, the forward di↵usion of NO2 from the PM cake to the substrate wall

in the place of back di↵usion is observed. This change in di↵usion rate has a impact

on the PM oxidation rate and the pressure drop characteristics of the SCRF®.

Table G.5
Gaseous species kinetics

Reaction Symbol Description SCRF®
Values

Units

NO oxidation ANO Pre Exponential of
NO oxidation

1E+01 m/K-s

EaNO Activation energy of
NO oxidation

1.87E+07 kJ/gmol

CO oxidation ACO Pre Exponential of
CO oxidation

6.00E+10 m/K-s

EaCO Activation energy of
CO oxidation

4.35E+04 kJ/gmol

HC oxidation AHC Pre Exponential of
HC oxidation

5.00E+10 m/K-s

EaHC Activation energy of
HC oxidation

4.35E+07 kJ/gmol
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G.1.5 SCR Kinetics

Table G.6 shows the final SCR kinetic values found using the configuration 2 data

without PM loading and using the procedure from Chapter 4. The SCR kinetics

were found using the kinetic parameters from reference [2] as the starting value.

Since the catalyst is similar to the one from reference [2] the activation energies of

the SCR reactions remained close to the initial values. The storage parameters of

⌦1 = 0.18 kmol/m3 and ⌦2 = 0.092 kmol/m3 increased significantly 3 - 4 times

compared to the flow through SCR. The adsorption and desorption kinetics also

changed significantly with the adsorption reactions having a positive activation energy

compared to negative values observed for the flow through SCR. The pre exponentials

of the three SCR reactions and NH3 oxidation were adjusted to simulate the SCRF®
outlet NO, NO2 and NH3 concentrations to within 20 ppm of the experimental values

for all the experiments. The inhibition of SCR reactions were computed using these

kinetic parameters and the filtration model as explained in Chapter 3.

Table G.6
SCR kinetics

Parameter SCRF® Kinetic parameters Units
⌦1 0.18 kmol/m3

⌦2 0.092 kmol/m3

Aads 9.00E+03 m3/gmol.s
Eads 6.00E+01 kJ/gmol
Ades 1.91E+09 1/s
Edes 1.83E+02 kJ/gmol
Aads,2 1.14E+03 m3/gmol.s
Eads,2 1.24E+03 kJ/gmol
Ades,2 9.74E+06 1/s
Edes,2 8.54E+01 kJ/gmol
Astd 2.50E+08 m3/gmol.s
Estd 6.76E+01 kJ/gmol
Afst 2.15E+09 m6/gmol2.s
Efst 4.58E+01 kJ/gmol
Aslo 2.69E+09 m3/gmol.s
Eslo 1.08E+02 kJ/gmol
Aoxid 3.45E+13 1/s
Eoxid 2.00E+02 kJ/gmol
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G.1.6 Di↵usion Parameters

The forward di↵usion between the PM cake and substrate wall layers played an im-

portant role in determining the PM cake oxidation rate by the NO2 assisted PM

oxidation reaction. The di↵usion of the chemical species from the inlet channel to the

PM cake and the substrate wall to outlet channel determined the chemical species

concentration profiles in the axial direction. This di↵usion phenomena became sig-

nificant due to the non uniform catalyst loading in the axial direction of the SCRF®
which a↵ected the 2D temperature distribution profile.

In order to calculate the forward di↵usion rate between the PM cake and the sub-

strate wall, both the Knudsen and molecular di↵usion rate of the chemical species

were considered. The unknown parameter in this case was the tortuosity of the PM

cake which determines the contribution of the Knudsen and molecular di↵usion com-

ponents and thus the di↵usion rate increases with an increase in the tortuosity value.

A initial value of 1 was used for the tortuosity in experiments with no urea injection,

using the configuration 1 data with urea injection. A final value of 8 for the tortuosity

was determined for this parameter which enabled the forward di↵usion rate required

to simulate the 70% reduction in PM oxidation rate in experiments with urea injec-

tion without a change in the PO kinetics in the PM cake. Table G.7 and G.8 show

the final parameters used for di↵usion rate calculation in the PM cake, substrate wall

and channels.

Table G.7
Di↵usivity parameters

Parameter Symbol Value Units
Tortuosity
of PM cake

⌧cake 8 (-)

Table G.8
Chemical species di↵usivity values

Parameter Symbol Values Units
Molecular di↵usivity of NO Deff,NO 1.98E-06 (m2/s)
Molecular di↵usivity of NO2 Deff,NO2 1.36E-06 (m2/s)
Molecular di↵usivity of NH3 Deff,NH3 1.90E-06 (m2/s)
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G.1.7 Cake Permeability Parameters

Cake permeability plays an important role in determining the pressure drop across

the SCRF® during the PM oxidation stage. Table G.9 shows the list of parameters

that were found using the calibration process explained in Chapter 4. For the active

regeneration runs, due to lack of back di↵usion of NO2, combined with high oxidation

rate by thermal PM oxidation, the cake permeability change was observed to be

negligible hence the parameters C8th and C9th remained zero for the SCRF®. For

passive oxidation runs without urea injection, due to the low PM oxidation rate,

significant increase in cake permeability was observed leading to C8,NO2 = 2.77 and

C9,NO2 = 18. These values further decreased for cases with urea injection due to

forward di↵usion of NO2. Similarly, the value of C13 = 0.6641 and 1.2 were found to

simulate the change in the cake pressure drop slope during the PM oxidation.

Table G.9
Cake permeability parameters

Symbol Description Values
without
urea

Values
with urea

Units

C8th Slope of delta mass o↵set for
the thermal PM (O2) oxida-
tion

N/A N/A (s-g)

C9th Constant of the delta mass
o↵set for the thermal (O2)
PM oxidation

N/A N/A (-)

C8,NO2 Slope of delta mass o↵set for
the NO2 - assisted PM oxi-
dation

2.77 2.39 (s-g)

C9,NO2 Constant of the delta mass
o↵set for the NO2 - assisted
PM oxidation

18 19.9 (-)

C13 Constant for damage equa-
tion

0.6641 1.2 (-)

↵NO2 Variable in cake permeabil-
ity equation

2.19 2.19 (-)

�NO2 Variable in cake permeabil-
ity equation

9.46 9.46 (-)
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Appendix H

Ultra Low NOx Parametric Study
Results

The Ultra Low NOx system proposed in Chapter 7 was run with five di↵erent engine

Test points to determine system performance at di↵erent temperature, flow rate and

inlet NOx, ANR conditions. Results from Text C from this dataset were described

in detail in Chapter 7. Figures H.1 to H.16 show the performance of the system

in the remaining four test conditions. These experiments cover a wide range of ex-

haust temperature and flow rate conditions along with inlet NO2/NOx ratio and NOx

concentrations at the inlet of the SCRF®.
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H.1 Test1

Inlet T = 203oC, NO = 443 ppm, NO2 = 182 ppm, NOx = 625 ppm, Flow

Rate = 5.2 kg/min
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Figure H.1: NOx conversion e�ciency, ANR2 , PM oxidation rate,
SCRF® outlet NO2 and SCR outlet NH3 concentration vs ANR1 at en-
gine condition 1 (SCRF®+DOC2+SCR with 2 urea injectors)

257



www.manaraa.com

0.0 0.2 0.4 0.6 0.8 1.0 1.2

SCR-F Inlet ANR (-)

0

50

100

150

200

250

300

350

400

S
C

R
-F

 N
O

, 
N

O
2
 a

n
d

 N
H

3
 o

u
tl

e
t 

c
o

n
c
e
n

tr
a
ti

o
n

 (
p

p
m

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

S
C

R
-F

 o
u

tl
e
t 

N
O

2
/N

O
x
 r

a
ti

o

NO
2
 Outlet Conc.

NO Outlet Conc.

NH
3
 Outlet Conc.

SCR-F outlet NO
2
/NO

x

Figure H.2: Outlet concentrations and SCRF® outlet NO2/NOx ratio vs
inlet ANR values at engine condition 1 (SCRF® with 1 injector)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ANR
1
 (-)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

N
O

2
/N

O
x
 r

a
ti

o
 (

-)

SCR-F outlet NO
2
/NO

x
 ratio

DOC
2
 outlet NO

2
/NO

x
 ratio

Figure H.3: NO2/NOx ratio vs ANR1 at engine condition 1
(SCRF®+DOC2+SCR with 2 urea injectors)

258



www.manaraa.com

0.0 0.2 0.4 0.6 0.8 1.0 1.2

SCR-F Inlet ANR (-)

0

20

40

60

80

100

N
O

x
 c

o
n

v
. 

e
ff

. 
(%

)

0.00

0.05

0.10

0.15

0.20

0.25

u
re

a
 f

lo
w

 r
a

te
 (

m
l/

s
)

0.00

0.05

0.10

0.15

0.20

P
M

 o
x

id
a

ti
o

n
 r

a
te

 (
g

/m
in

)

Figure H.4: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs SCRF® Inlet ANR at engine condition 1 (SCRF® with 1 injector)
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H.2 TestA

Inlet T = 267oC, NO = 375 ppm, NO2 = 215 ppm, NOx = 590 ppm, Flow

Rate = 5.6 kg/min
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Figure H.5: NOx conversion e�ciency, ANR2 , PM oxidation rate,
SCRF® outlet NO2 and SCR outlet NH3 concentration vs ANR1 at en-
gine condition A (SCRF®+DOC2+SCR with 2 urea injectors)

260



www.manaraa.com

0.0 0.2 0.4 0.6 0.8 1.0 1.2

SCR-F Inlet ANR (-)

0

50

100

150

200

250

S
C

R
-F

 N
O

, 
N

O
2
 a

n
d

 N
H

3
 o

u
tl

e
t 

c
o

n
c
e
n

tr
a
ti

o
n

 (
p

p
m

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

S
C

R
-F

 o
u

tl
e
t 

N
O

2
/N

O
x
 r

a
ti

o

NO
2
 Outlet Conc.

NO Outlet Conc.

NH
3
 Outlet Conc.

SCR-F outlet NO
2
/NO

x

Figure H.6: Outlet concentrations and SCRF® outlet NO2/NOx ratio vs
inlet ANR values at engine condition A (SCRF® with 1 injector)
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Figure H.7: NO2/NOx ratio vs ANR1 at engine condition A
(SCRF®+DOC2+SCR with 2 urea injectors)
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Figure H.8: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs SCRF® Inlet ANR at engine condition A (SCRF® with 1 injector)
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H.3 TestD

Inlet T = 366oC, NO = 289 ppm, NO2 = 161 ppm, NOx = 450 ppm, Flow

Rate = 12.5 kg/min
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Figure H.9: NOx conversion e�ciency, ANR2 , PM oxidation rate,
SCRF® outlet NO2 and SCR outlet NH3 concentration vs ANR1 at en-
gine condition D (SCRF®+DOC2+SCR with 2 urea injectors)
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Figure H.10: Outlet concentrations and SCRF® outlet NO2/NOx ratio
vs inlet ANR values at engine condition D (SCRF® with 1 injector)
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Figure H.11: NO2/NOx ratio vs ANR1 at engine condition D
(SCRF®+DOC2+SCR with 2 urea injectors)
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Figure H.12: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs SCRF® Inlet ANR at engine condition D (SCRF® with 1 injector)
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H.4 TestE

Inlet T = 342oC, NO = 866 ppm, NO2 = 584 ppm, NOx = 1450 ppm,

Flow Rate = 7.1 kg/min
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Figure H.13: NOx conversion e�ciency, ANR2 , PM oxidation rate,
SCRF® outlet NO2 and SCR outlet NH3 concentration vs ANR1 at en-
gine condition E (SCRF®+DOC2+SCR with 2 urea injectors)
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Figure H.14: Outlet concentrations and SCRF® outlet NO2/NOx ratio
vs inlet ANR values at engine condition E (SCRF® with 1 injector)
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Figure H.15: NO2/NOx ratio vs ANR1 at engine condition E
(SCRF®+DOC2+SCR with 2 urea injectors)
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Figure H.16: NOx conversion e�ciency, urea flow rate and PM oxidation
rate vs SCRF® inlet ANR at engine condition E (SCRF® with 1 injector)
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Figure H.17 shows the change in NO conversion e�ciency as a function of DOC

temperature for the engine conditions used in the simulations.

Figure H.17: NO conversion e�ciency vs DOC2 temperature for all the
five engine conditions
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