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Abstract

In this study the diesel vehicle engine exhausts emissions, particularly Diesel Particulate Matter
and its impact on health and environment is discussed briefly. The filtration method used to
removes this particulate matter from diesel exhaust gases is using wall flow diesel particulate
filter through physical filtration. The filter designed for this application has a honeycomb
structure with long parallel flow channels and the opposite ends of adjacent channels are
aternatively capped, forcing gas to flow through porous side walls leaving soot behind on the
surface of the walls that would result in an adverse impact on engine performance.

Therefore the Diesel particulate filter regeneration system strategy (passive type), which
promotes the oxidation of carbon soot trapped in diesel particulate filter under normal engine
operation condition is applied in this study. This is achieved by catalyst coating on the filter cell
membrane to facilitate the soot trap combustion. in addition, Filter design parameters like filter
size and filter cell configuration which is responsible for the save regeneration are identified.
The mass flow rate of Diesel Particulate Matter Emission from diesel vehicle engine under
different operation condition (speed and loading) is considered by using weighting factor for
each operation point. Mass based particulate matter emission from diesel engine obtained in this
study is 36.01 (g/hr). for filter with 80% ,85% ,90% filtration efficiency of DPF: the Mass of
PM released to atmosphere in (g/bkw.hr) are 0.082, 0.062, 0.041 respectively, where the Europe
PM emission limit standards is achieved above 85% of filtration efficiency . The pressure drop
across Diesel Particulate Filter is predicted (2.81kpa) using soot layer thickness model.

Finally, regeneration behavior of diesel particulate filter using comsol multi physics by coupling
the exhaust gas flow(maximum flow velocity 4.2m/s),Particulate matter  concentration
distribution in DPF model [maximum 12.5 mil (mol/m®) and 5mil(mol/m?) Jand the filter wall
temperature distribution(500 and 705 in K) due to soot trap oxidation reaction in DPF. From
the passive regeneration system applied the catalyst coated on the filter porous membrane
initiates the burning-off particulate matter in filter channel , reduces the oxidation temperature of

soot trap and keeps clean the diesel particulate filters under normal engine operation condition.
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CHAPTER ONE

1. INTRODUCTION

1.1Back ground

Diesel engines combust diesel fuel to convert its chemical energy into mechanical power. The
primary combustion products of diesel fuel are carbon dioxide and water. More than 99% of
diesel emissions consist of CO2, H20, and the portion of air left over from the combustion
process. As rea diesel combustion is not ideal, a fraction of a percent of the total diesd
emissions is unwanted combustion byproducts .These pollutants are mainly particulate matter
(PM), nitrogen oxides (NOx), hydrocarbons (HC), and carbon monoxide. Of those, PM
emissions are seen as perhaps the most critical. They are of major concern regarding negative
health and possible climate effects.

1.1.1 Diesel Engine Emissions

Diesel engine, like other internal combustion engines, converts chemical energy contained in the
fuel into mechanical power. Indeed, diesel exhaust gases are primarily composed of CO,, H,O
and the unused portion of engine charge air. Concentrations of these gases in diesel exhaust are
typically in the following ranges:

Figure 1.1a exhaust gas emission from diesel vehicles
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CO2-2..12%

HO-2...12%

0,-3..17%

N - balance.
The concentrations depend on the engine load, with the content of CO, and H,O increasing and
that of O, decreasing with increasing engine load. None of these principal diesel emissions (with
the exception of CO, for its greenhouse gas properties) have adverse heath or environmental
effects.

Diesel emissions include also pollutants that can have adverse health and/or environmental
effects. Most of these pollutants originate from various non-ideal processes during combustion,
such as incomplete combustion of fuel, reactions between mixture components under high
temperature and pressure, combustion of engine lubricating oil and oil additives as well as
combustion of non-hydrocarbon components of diesel fuel, such as sulfur compounds and fuel
additives. Total concentration of pollutants in diesel exhaust gases typically amounts to some
tenths of one percent this is schematically illustrated in Figurel.la. Much lower, “near-zero”
levels of pollutants are emitted from modern diesel engines equipped with emission after

treatment devices such as NOy reduction catal ysts and particul ate filter.

3.3 - 4.7 Microns

3.3 Microns

1.1 - 2.1 Microns

0.65 -1.1 Microns

Figure 1.1b) health effects of Emissions of Diesel Exhaust Gas
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Nitrogen

Pollutant
emissions

dioxide

Figure 1.12c environmental and health effects of Emissions of Diesel Exhaust Gas

There are other sources that can contribute to pollutant emissions from interna combustion
engines-usually in small concentrations, but in some cases containing material of high toxicity.
These additional emissions can include metals and other compounds from engine wear or
compounds emitted from emission control catalysts (via catalyst attrition or volatilization of
solid compounds at high exhaust temperatures). Formation of new species normally not presents
in engine exhaust can also be facilitated by catalysts. This seems to be especially the case when
catalysts are introduced into the combustion chamber. For example, some fuel additives so-called
“fuel-borne catalysts” used to support the regeneration of diesel particulate filters have been
linked to emissions of highly toxic dioxins and furans [25]. A possibility of new emissions must
be considered whenever additives (catalytic or not) are introduced into the fuel or lube oil and
when fluids are introduced into the exhaust gas. A well known example is urea used as a NOx
reductant in SCR catalyst systems emissions from SCR engines can include ammonia, as well as
a number of products from incomplete decomposition of urea. Low quality fuels can be still
another source of emissions for instance; residual fuels used in large marine engines contain

heavy metals and other compounds known for their adverse health and environmental effects.

1.1.2 Diesdl Particulate M atters
Particul ate matter-perhaps the most characteristic of diesel emissions-is responsible for the black

smoke traditionally associated with diesel powered vehicles. The diesel particulate matter
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emission is usually abbreviated as PM or DPM, the latter acronym being more common in
occupational health applications. Diesel particulates form a very complex aerosol system.
Despite considerable amount of basic research, neither the formation of PM in the engine
cylinder, nor its physical and chemical properties or human health effects are fully understood.
Nevertheless, the existing medical research suggests that PM is one of the maor harmful

emissions produced by diesel engines.

Ash and other
13% '

Suffatewater
14%

Carbon 41%

Lnburmd od
2850 Linburnt Fuel
i %

Figure 1.1b Composition of particles from a heavy -duty diesel engine, tested in atransient cycle
on an engine test bench [51]

1.1.3 Health and Environmental Effects
Diesel emissions include a number of biologically active substances. In this group, diesel
particulates and the associated organic phase became a major health concern. From the
environmental perspective, the advantages of diesels are low “greenhouse gas” and hydrocarbons
emissions; their drawback is high NOx emission .

13



a) Health Effects of Diesdl Particulates

The composition of DPM includes many species that are known for their adverse health effects,
including severa carcinogens. Health effects most often linked with particulate pollution, from
diesel and other sources, include an increase in death due to respiratory and cardiovascular

disease and worsening of symptoms in people with asthma.

Primary materials found in the solid phase of diesel PM include inorganic carbon and metal
ashes, while the liquids include high boiling hydrocarbons, water, and sulfuric acid. According to
most legal definitions of diesel particulates and the corresponding sampling and measurement
methods, diesel particulates are sampled from exhaust gases that are diluted with air and cooled,
typically to 52°C. These sampling procedures have been introduced in an attempt to simulate
atmospheric dilution effects on diesel emissions.

Although it is known today that the products of real life atmospheric dilutions may differ from
what is sampled in a laboratory dilution tunnel, there has been a consensus in regards to the
above definition among worldwide public health authorities. Accordingly, the total particulate

matter traditionally includes the following fractions:

1. Solids (inorganic carbon, ash)
2. Organics (soluble organic fraction-SOF)
3. Sulfates (hydrated sulfuric acid, metal sulfates).

There is no such consensus, however, in diesel particulate exposure regulations in various
occupational hedth environments. The elemental carbon definition-which excludes all
organic content, sulfates, or inorganic ash-appears to become the preferred representation.
Sometimes, the total carbon (TC) definition, which includes both the elemental and organic
carbon but no sulfates, is also used.

Once released into the atmosphere, diesel PM becomes a part of the ambient suspended
particul ate matter, which also includes a number of other components, such as:

Natural PM material including mineral dust, sea salt, biologic substance (plant/animal
debris

14



Combustion particles from sources other than internal combustion engines. power plants,
industrial plants, heating furnaces

Secondary particles formed from gaseous precursors in the atmosphere: mostly nitrates
and sulfates

Ambient particulates are measured according to a large variety of protocols, but in general they
do include both solid and liquid material, just as it was the case with diesel PM.

Health effects from exposure to diesel PM and non-diesdl particles are extremely difficult to
separate. Since particulates from different sources are often similar, so are the health effects they
may cause. In fact, health effects caused by some gaseous pollutants may be also similar to those
caused by particles. Despite these challenges, research studies have aways attempted to separate
the toxic effects of gaseous and particle pollution from different sources. This type of knowledge
is essential for the policy makers to establish control strategies that would maximize the public
health benefit by targeting the most critical sources of pollution.

b) Environmental Effects of Emissions
Air pollutants are responsible for a number of adverse environmental effects, such as
photochemical smog, acid rain, death of forests, or reduced atmospheric visibility. Emissions of
greenhouse gases from combustion of fossil fuels are associated with the global warming of
Earth’s climate. Certain air pollutants, including black carbon, not only contribute to global
warming, but are also suspected of having immediate effect on regional climates.

1.2 Problem Statement

Currently, there are many diesel vehicles used for different applications in Ethiopia. The diesel
exhaust gas emissions from these have a negative impact on health and environment. Particle
pollution contains microscopic solids or liquid droplets that are so small all that they can get
deep into the lungs and cause serious health problems. Particles can be carried over long
distances by wind and then settle on ground or water. The effects of this settling include: making
lakes and streams acidic; changing the nutrient balance in coastal waters and large river basins,
depleting the nutrients in soil; damaging sensitive forests and farm crops; and affecting the

diversity of ecosystems.
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One of the methods used to removes this particulate matter from exhaust gases is using diesel
particul ate filter through physical filtration. This particulate matter must eventually be removed
by exhaust Regeneration strategy of diesel particulate filter to prevent excessive back pressures
from occurring, and that would result in an adverse impact on engine performance.Therefore, the
design of exhaust gas regeneration system in DPF is important in burning-off particulate matter
in filter channel and keeps the diesel particulate filter in proper operation. This will help in
controlling the environmental and health problem happen due to particulate matter from diesel
exhaust emission.

1.3 Objective
General objective
The main objective of this study is to design Diesel Particulate Matter regeneration system in
diesel particulate filter (DPF)
Specific objectives
The research has al so the following specific objectives, and these are:
» To select an appropriate diesel particulate filter regeneration system strategy based on
diesel oxidation catalyst which promotes the oxidation of carbon soot trapped in DPF
» To anaysis Particulate Matter Emission from diesel vehicle/engine under different
operation condition (engine speed and loading).
» Toanaysisthe soot layer thickness model on filter wall and pressure drop across DPF
> Expressing the regeneration behavior of diesel particulate filter using comsol

multiphysics by coupling the exhaust gas flow, mass concentration distribution

1.4 Methodology
In this study the following methodologies are use to design exhaust regeneration systems of
diesel particulate filter.
These are:
> Literature review on diesel particulate filter regeneration system, filter design and catalyst
coating technology.
» Useof filter design parameters and diesel vehicle/engine particulate matter emission datafor

the analysis of regeneration design parameters.
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» Analysis of pressure drop across the diesel particulate filter(DPF) and diesel particulate
matter mass based accumulation in thefiler

» Using comsol multiphysics software package to coupling exhaust gas flow, mass
distribution to study the regeneration behavior of diesel particulate filter.

1.5 Outline of the Thesis

This paper is organized in to five chapters. The first chapter contains the back ground of the
study which includes a brief discussion of diesel engine particulate matter emission, its health
and environmental effects, problem statements and objective of the study. The second chapter is
the reviews on the diesel exhaust regeneration systems. Both active and passive case is covered.
Also, the reviews of the materials for filter and catalyst are presented. In the third chapter the
anaysis Particulate Matter Emission from diesel vehicle/engine under different operation
condition, pressure drop and soot layer thickness analysis is presented. In addition, the
mathematical modeling and the diesel exhaust gas flow; PM distribution in diesel particulate
filter modeling using comsol multiphysics software is presented. The fourth chapter provides
result and discussion of the study. Finaly, in the fifth chapter the conclusion and

recommendation of the paper is discussed.
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CHAPTER TWO

LITERATURE REVIEW

2.1 Diesel Particulate Filters

Diesel particulate filters are the most effective option to control the particulate matter (PM)
missions [1,5]. Today there are severa types of DPF available on the market and differing
mainly by the method of trapped soot removal usually called filter re generation. It is convenient
to classify regeneration methods as active (applying external or engine measures of gas
temperature control at DPF inlet) or passive (usually employing catalytic means)[32-36] .
Combinations of measures are also common and catalytic means can be applied in active
regeneration systems.

The wall-flow monolith DPF is currently the most effective device to reduce diesdl particulate
emissions (mainly the soot emissions) providing the highest filtration efficiency with the least
pressure drop [11]. Figure2.1 shows a typica structure for the wall-flow monolith DPF. While
exhaust gases pass through the porous walls between the channels, some of the particulates can
be filtered on the wall due to the pore sizes of the walls. The accumulated soot particulates will
form soot layers on the walls. As too much particulates are accumulated on the wall, the
backpressure in the exhaust system will rise which will increase the engine fuel consumption and
reduce the engine power. Thus, it is necessary to clean the filter by oxidizing the collected soot
particulates in the DPF.

The filter walls made from silicon carbide are porous. The silicon carbide body is coated with a
mixture of aluminum oxide and ceroxide.This mixture serves as a carrier layer for the catalytic
converter. The carrier layer is coated with a precious metal, platinum, which acts as the catalyst.

A catalyst is a substance that promotes or hinders a chemical reaction without changing Itself

[14,7].
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Out let channel

Inlet exhaust gas

Out let exhaust gas

Filter wall

Plug

Soot particles

Figure 2.1 A monolithic wall-flow Diesdl particulate filter (DPF) from EPA Marine Emissions
Seminar Mexico City September 26, 2012 [14 ]

2.2 Reviews of Exhaust Gas Regeneration Systemsin DPF

The diesel particulate filter must be cleaned of the particles of carbon soot regularly to prevent it
from becoming blocked and its function thereby being affected. During the regeneration phase,
the particulates that have accumulated in the particulate filter are burnt off (oxidized).there are
two diesel exhaust regeneration strategies in diesel particulate filter. These are passive and active

exhaust gas regeneration systems[8,9, 15,40,41].

Diesel particulate filter systems are designed by combining different filter materials with selected
regeneration methods. A classification of diesel filter systems based on the principle of
regeneration is shown in Figure 2.2. A diesd filter system must provide reliable means of
regeneration, preferably a fully automatic regeneration occurring without an intervention (or

even knowledge) of the vehicle operator.
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Inlet

Particulate filters

Regeneration Disposal

Passive Active Passive active
combination

Figure2.2. Classification of Filter Systems by Regeneration Method

2.2.1 Passive Regeneration

With passive regeneration, the carbon soot particles are burnt off continualy without
intervention from the engine management system. The particulate filter is positioned in close
proximity to the engine. This assures that exhaust gas temperatures of 350-500 °C are reached on
motorways. The carbon soot particles are thereby converted into carbon dioxide by a reaction
with nitrogen oxide. This gradual process occurs slowly and continually through the noble metal
catalyst (pt) coating, which works as a catalyst [15].

Filter wall Nobel metal catalyst (Pt)

Carrier layer

> > =S D o=t
r%\g; D/'—\E;; q?-.??:\f__ﬁ_f“\-_-;—_\?%_a "—/“\—?‘5_-/——-?_&,_}._2_)23& \_\\QJ_?_;’E} ‘5—

Figure 2.3 Passive exhaust gas regeneration in wall-flow in DPF [15]
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2.2.1.1 Nitrogen Dioxide Based Soot Oxidation

NO isformed under the high-temperature, high-pressure in-cylinder conditions from the nitrogen
and oxygen present in the charge air during the diesel combustion.NO2 forms from NO by
reaction with excess oxygen. During the expansion stroke of the piston the temperature decreases
rapidly within the combustion chamber, but the NO concentration does not decrease to the
NO=02=N0O2 equilibrium concentration as NO is kinetically relatively stable under these
conditions [12]. The NO2 concentration at thermo dynamical NO=NO2=02 equilibrium for the
temperature range from 0-700°C under typical diesel O2 concentration levels.

NO +%ozﬁ ~, NO2

The concentration of nitrogen oxides in diesel exhaust gas is around 0.01-0.1%. That is 2-3
orders of magnitude lower than the O2 concentration.80-95% of the nitrogen oxides leave the
engine as NO and only 5-20% as NO2. The presence of an oxidation catalyst can speed up the
NO oxidation reaction and increase the NO2-share of NOx downstream of the catalyst, where the
NO2 can then be utilized for soot oxidation. An alternative, but not yet commonly applied way to
increase the rate of the NO oxidation is the application of a non-thermal-plasma reactor [18, 42-
44].

2.2.1.2 Oxygen Based Soot Oxidation

The oxygen comes from the charge air left over from the diesel combustion process and its
concentration in diesel exhaust emissions is in the order of around 10%.Exhaust temperatures
above 550°C are required for soot oxidation by O2. With the application of so-called “‘fuel borne
catalysts’’, which precursors are added to the diesel fuel, the required temperature can be
lowered to around 400-450°C. Alternatively oxygen could be ‘‘activated’’ by applying non-
thermal plasma to generate ozone [17,37], which could then be used to combust soot at low

temperatures.

2.2.1.3 Continuously Regenerating Diesel Particulatefilter
This particulate filters include the john Matthew Continuously Regenerating trap, contain a
precious metal catalyst and a particulate filter (figure2.4).the systems consists of two chambers;

thefirstis anoxidation step and is kept separate from the particle collection phase.
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The NO2 production in the first chamber to combust the trapped particles [40,41] and so does so
at approximately 250°, which is much lower than the temperature achieved by using oxygen

Figure 2.4. John Matthew Continuously Regenerating traps systems [19]

2.2.1.4 Fuel-Borne Catalyzed Particle Filter
The use of fuel additive is another method of lowering the soot oxidation temperature. The fuel
borne catalyst additives reduces the particle ignition temperature. The main advantage with this
method is having the catalyst incorporated into the PM and not just on the surface of the filter.
The main disadvantages are related to the on board storage of the additive.
The following issues need to be addressed by designers of fuel additive regenerated DPFs:

» Introducing the catalyst to fuel
In most fuel distribution systems, doping the fuel with additive is not practical. On- board
automated dosing devices are being developed to introduce the additive directly to the vehicle’s
thank after the vehicle is fuelled. However, such devices increase the system complexity and, in
effect, turn passive traps into more complicated and expensive active systems.

» Impact on the engine or its components
Some additives are cause fuel injector fouling. Generaly, additives have to be tested for engine
wear problem.

> Fuel stability
Blending the additive with fuel may result in deposit formation, an increase in sedimentation
from the fuel itself and /or increased deposit formation when water is added to the doped fuel.
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PSA have introduced a fuel borne regenerated system into passenger car. The system uses a
cerium based fuel additive but application on heavy —duty vehiclesis still being investigated.
There are concerns over the possible health hazards should the catalysts escape from the vehicle
exhaust [12].Road test conducted by RhodiaTerresRares on a medium heavy duty vehicle show
trap efficiencies higher than 90% under all engine operating conditions and undetectable particle
emission [20].other tests also using a cerium additive have suggested that the additive has no
effect on the PM emissions[21].

2.2.2 Active Regeneration

With active regeneration, the carbon soot particles are burnt off through atargeted increase in the
exhaust gas temperature by the engine management system. As shown in figure 2.5,the carbon
soot particles are retained in the inlet channels. The engine control unit can detect the level of
carbon soot in the particulate filter by evaluating the signals from the air mass meter, the
temperature sender before and after particulate filter and the exhaust gas pressure sensor 1.\When
the carbon soot level reaches a predetermined limit, the engine management system initiates

active regeneration[15].

’ Signals to
enaine control unit

- b

Air mass meter G70 Exhaust gas pressure sensor Temperature sender
After particulate filter

G527

-

Temperature sender
Before particulate

filter G506 / /\\ -
i -

T Exhaust gas pressure

Figure 2.5 Particul ate filter full = high resistance to flow [15]

2.2.2.1Fuel Burner Regenerated Trapsin DPF
A fuel burner can be used to increase the temperature of exhaust gas stream to the that would
facilitate regeneration of the trap via oxidation. The main components of the system are the
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ceramic monolith, the mixing chamber and the integrated chamber. Burner related problem
contributed to failures of severa early DPFS systems. To prevent intrusion of soot particles on
the burner and contamination of the air blast atomizer, the burner required cleaning after every
50hours operation.

Externa energy regeneration systems like these are not currently seen as viable due to their

increased cost, complexity and reliable issues [22].

2.2.2.2 Electrically Regenerated trapsin DPF

The use of an electric heater is to increase the temperature of either exhaust gas or stream of
regeneration air is arelatively simple method of triggering the regeneration of a soot laden diesdl
filter. The Donaldson Company has developed the most advanced ceramic trap system with
electric regeneration for city bus. On board regeneration system draw the power needed for
regeneration from the vehicle electrical system. This method is suited to heavy —duty only.The
primary concern related to electric regeneration system is energy consumption. The energy
required by the heater puts an extra load on the vehicle electrical system, presenting a significant
fuel consumption penalty. Electrical demand must be reduced before this can be seen as aviable
regeneration solution.

Laboratory tests have shown reasonable efficiencies for the regeneration of but system reliability
has yet to be stablished.PM efficiencies of up to 85% have been achieved[l1].and fuel

consumption penalties of around 3.5% are expected[23].

2.2.2.3 Microwave Regenerated trapsin DPF

Diesel soot can be heated directly by microwave irradiation within the particulate filter. When a
material is heated conventionally, the heat is first transferred to its surface, typically by a
combination of convention and radiation mechanisms, the inside of the material is then heated
through conduction from the surface. However, when heated through microwave irradiation, the
energy and therefore heat is concentrated in the center of material itself.

Microwave heating is selective. Microwaves most effectively heat material of high dielectric
constants and high dielectric loss factors such as water, carbon blacks, and diesel soot. Most
ceramic ‘materials, due to their low dielectric constant and loss factor, are practically transparent
to radio frequency (RF) energy. Metas, on the other hand, are near perfect reflectors of

microwave energy.
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The main advantages of microwave heating are its capability to concentrate energy directly into
diesel particles, which are collected through the volume of the filter. If a satisfactory degree of
control over the RF energy deposition could be achieved, the microwave regeneration would
offer much more flexibility in designing and controlling the regeneration than can be achieved by
the electric and burner approaches.

One of the problems reported with microwave - regenerated filters are related to difficulties in
achieving a satisfactory degree of control over the process. as a result, the filters tend to show
uneven regeneration patterns, incomplete regeneration, or expensive exothermal heat release
leading to substrate damage. Microwave leakage was encountered in some studies. Leak of
micro energy can cause interface with external electronic circuits and decrease energy efficiency.
In test an 80-95% PM removal efficiency and a 95% microwave cleaning efficiency have been
achieved [24] .currently major development work is concentrating on durability and reducing cost

of application to heavy duty vehicle.

2.3 Back PressureLimits

All engines have a maximum allowable engine back pressure specified by the engine
manufacturer. Operating the engine at excessive back pressure might invalidate the engine
warranty. To facilitate retrofitting of existing engines with DPFs, especialy using passive filter
systems, emission control manufacturers and engine users have been requesting that engine

manufacturers increase the maximum allowed back pressure limits on their engines.

Engine Size Back Pressure Limit
L ess than 50kw 40kpa
50-500kw 20kpa
500kw and above 10kpa

Table2.1 VERT Maximum Recommended Exhaust Back Pressure [29]

Mufflers generally result in maximum back pressures in the range of 6 kPa. In exhaust systems
with a DPF, the back pressure can rise to significantly higher levels especialy if the filter is
heavily loaded with soot. The Swiss VERT program determined maximum back pressure limits
in order to allow DPFs to be fitted to a wide variety of equipment Table2.1 outlines the VERT
recommended back pressure limits for a range of engines sizes. The exhaust pressure for large
engines was limited to low values due to valve overlap and high boost pressure
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Engine manufacturers are usually much more conservative on their back pressure limits. For
example, diesel generator set engines from Caterpillar, Cummins, John Deere and DDC/MTU
ranging in size from 15 to over 1000 kW have back pressure limits ranging from 6.7 to 10.2
kPa.In setting back pressure limits, many factors must be taken into consideration. These include
the effect on turbocharger performance, exhaust emissions, fuel consumption and exhaust
temperature. The limit that a particular engine can tolerate will depend on specific design factors

and making general recommendationsis difficult.

2.3.1 Literaturereview on Pressuredrop
The total pressure drop of the filter channel can be divided into four parts: inlet channel pressure
drop, pressure drop across the soot deposit, the pressure drop across the substrate wall, and the
outlet Channel pressure drop [6, 10,17, 36]
AP tota = AP porouswall + AP soot cake + AFviction + AP const/ expans

Recently, most of the DPFs are made of refractory ceramics. The two most common materials
are. Cordierite (Cd) and Silicon Carbide (SiC). Cordierite filters are manufactured through an
extrusion process so that it is a single piece monolithic filter. On the other hand, many SiC filters
are extruded in smaller ‘segments’ and the joined together to form the filter full .For the same
DPF cross - section, wall thickness, and cell density, there is a higher flow Resistance in the
segmented filter and therefore alarger pressure drop

From Darcy law of pressure drop due to flow through a porous wall, one can obtain:

_ pUws
ko

The total pressure drop for the segmented DPF the summation of the pressure drop across filter

AP

wall, soot layer ,inlet channel and out let channel

— K 2r wWs 1 a 4F, o 4 4
P= 2'*’““1?0((] W) [ﬁ * 2ksoot In(a—2w) +?L (L/(o-2w)" + 1/a7)]

Segmented filters generate higher pressure drop than monolithic filters by up to 30% for clean
cases and up to 35% for the loaded filters. A higher cell density filter could results in the
reduction of this higher pressure drop.

In both loaded segmented and loaded monolithic filters, 80% or higher of the pressure drop is
due to the substrate wall and the deposit layer . The impacts of channel friction and flow
contraction / expansion are less important . For the clean filter, the opposite is true, as the
majority of the pressure drop isfrom flow in the channel.
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2.4 Materials2.4.1 Diesel particulatefilter substrate

Table2.2 below shows a selection of candidates comparing properties of pure (dense) materials.
The properties of the filter materials are described in detail in the filter materials section. A
comprehensive article about material attributes concerning ceramic DPF materials has been
published recently.

The properties of the different filter materials can only be compared directly, if they show the
same pore volume and mean pore size. Unfortunately, there is alack of reliable and comparable
data in the literature, mainly regarding strength. Most of the materials are produced in thin-
walled honeycomb shape, which cannot be measured by common standards with good accuracy,

and most of the filters differ in honeycomb cell size and wall thickness and cannot be compared

properly.

Material Cordierit | Sic silicon Mullite Al-Titanate | FeCrNi
e

Density(g/cm®) 2.1 3.1-32 | 233 2.9 33 8.1
thermal conductivity(W/MK) | 1-3 90 120 4-5 153 14
CTE 20-1000°C(10°°1/K) 0.9-2.5 4.7-52 |44 4.4 -0.5-3 17
young’s modulus(GPa) 130 410 110 150 20 200
Thermal limit for application | 1350 1500 13502 1600 1500 1250
(a@n(’C)

Table 2.2 Materia candidates for Diesdl Particulate Filters, properties are of pure (Dense)
Materialg[7].

Metal

Wash coat

substrate

Figure2.6. Structure of the monolithic catalytic coated DPF
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2.4.2 Catalysts
Various catalyst systems used for diesel filters. Catalyzed Diesel Particulate Filter catalysts can
be divided into two categories :

(1) platinum-based, and
(2) base metal catalysts.

Base metal catalyst:

Base metas tend to be less active in promoting filter regeneration (thus requiring higher
regeneration temperatures) and have low activity for the oxidation of CO and HC. On the
positive side, they form little or no sulfate particulates and/or nitrogen dioxide emissions.
Vanadium used to be one of the most popular base metal catalysts used in diesel particulate
filters. The CDPF commercialized in Mercedes cars in California in the mid-1980s was coated
with vanadium pentoxide (V205) catalyst by Degussa. This catalyst promoted filter regeneration
at temperatures of 380-400°C.

Nobel metal catalyst:

Platinum (usually combined with promoters) is typically more active in supporting filter
regeneration and for oxidizing CO and HC. The latter function isimportant in applications where
gaseous emission reductions are also required. The disadvantages of Pt include production of
sulfate particulates (which limits its applicability with high sulfur fuels) and increased levels of
tailpipe NO2.

Although a number of noble metals are named as filter catalysts in the patent literature-including
platinum, palladium, rhodium, and others-most commercial noble metal based filters utilize

platinum, typically with such promoters as akaline earths. Ceria has been introduced as a

promoter in more recent catal yst formulations.

2.4.3 Catalyst Coating M ethodology
Catalysts can be applied on wall-flow diesel filter substrates using one of two methods[43]:
a. impregnation with water-based solutions of catalyst precursors, or
b. Wash coating with suspensions (slurries) of insoluble oxides or salts.
The first method using water solutions of catalyst precursors, noble and/or base metals, followed
by drying and calcining is indeed a very convenient way of applying a catalyst onto the ceramic
monolith as shown in (figure 2.7). A common method of coating is to apply a predetermined

quantity of solution based on a water absorption test of the substrate by pouring it over the inlet
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face of the filter. The solution soaks throughout the substrate resulting in a uniform distribution
of the catalyst throughout the porous filter walls. Hence, the filter has no preferred direction of
flow for exhaust gases and can be reversed in the exhaust system (of course, one could use less
solution than needed to soak through the part to apply more catalyst near one end of the filter,
resulting in a non-symmetrical coating). The final catalyst, usually metal or metal oxide, is
formed from the precursor at elevated temperatures (typically 500-600°C) during the calcining
process.
If wash coat technologies are used, there are three possible methods of applying noble metal
catalysts (each producing somewhat different catalyst):
Platinum (or other noble metal) can be impregnated after the wash coat is calcined,
Followed by a second calcinations
Platinum catalyst precursor can be added to the slurry platinum can be fixed on the wash
coat powder (e.g., on dumina) and calcined before the slurry is prepared.

Add catalyst (pt,Rt...)

Alumina +water Milling __» Coating » Drying and
Calcination

?

Acetic acid to control PH l
Coating assessment

Figure 2.7. Preparation path for catalyst coatings on filter membrane [43]

Milling: The coating slurry containing alumina is adjusted to a suitable pH which produces the
best particle dispersion, and is then comminuted in a mill until the required particle size
distribution is achieved.

Coating: There are two industrial methods of coating slurry onto substrates. The first method
involves coating the already formed into a monolith by pouring the slurry through or by sucking
the dlurry into the monolith channels. The second method involves coating the before the

monolith is constructed by dipping in the slurry (dip-coating), painting or spraying .
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Drying and calcinations: The coatings are dried at a temperature above 100 ° C for 1 - 2 h
and calcined at 350 — 700 °C for 1 — 3 h to prevent cracks and ensure good coating adherence [6,
10] The technique for assessing coating thickness and homogeneity should have a high degree of
accuracy and resolution, and SEM clearly outperformed other techniques in these areas judging

by its predominant use.

2.5 Diesel emissions|legidation

Dueto the adverse effects of diesel emissions on health, environment, vegetations, materials,
climate, etc.; Government legislations for permissible exhaust emission standards [70] were first
introduced in both Europe and the United States of Americain 1982, only for light-duty vehicles
and not until 1990 for heavy-duty engines.

Thefirst Indian emission regulations [51] were idle emission limits which became effectivein
1989. These idle emission regulations were soon replaced by mass emission limits for both
gasoline (1991) and diesel (1992) vehicles, which were gradually tightened during the 1990’s.
Since the year 2000, India started adopting European emission and fuel regulations for four-
wheeled light-duty and for heavy-duty vehicles.

Emission regulations of DPM and NO, have become more and more stringent as indicated in
Table 2.4. The limits are defined in mass per distance (g/km, light-duty vehicles) or mass per
energy (o/kW h, heavy-duty engines) over a defined test cycle. Because of greater air pollution
problems, California has its own, more stringent standards. The trends in the DPM legislation
apparent in the table make it clear that effective emissions control devices need to be devel oped
to enable vehicles to meet the increasingly stringent limits [52]. Up-to-date information of the

various diesel emission standards and vehicle certification tests can be found on the Internet [53].

Y ear reference Light duty diesel engine(g/lkm)  Heavy duty diesel engine(g/kWh)
NOXx DPM NOXx DPM
2000 Euro | - 0.14 8.0 0.36
India 2000 0.25
Bharat 0.17
2008 Euro 111 0.50 0.05 5.0 0.10
Bharat 0.78 0.1
2010 Euro Iv 0.25 0.025 35 0.02
Bharat 0.33 0.04
2011 | Eurov 0.18-0.235 0.005 0.235-0.28) 0.005

Table2.4 diesel emission standards for different countries
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CHAPTER THREE

3.EXHAUST GASREGENERATION SYSTEMSDESIGN IN DPF
Diesel particulate filters are the most effective option to control the particulate matter (PM)

missions .Today there are severa types of DPF available on the market and differing mainly by

the method of trapped soot removal usually called filter re generation. It is convenient to classify

regeneration methods as active (applying external or engine measures of gas temperature control

at DPF inlet) or passive (usualy employing catalytic means). Combinations of measures are aso

common and catal ytic means can be applied in active regeneration systems.

L

Twpes of diesel particulate filter ﬂ

{

Cordierite wall
flow filters

)

e

-
Silicon carbide Mictal fiber flow [ Trartial filters ]
wall Mow Lliers throughi Bltees

Figure3.1 types of diesel particulate filters may usein PM filtration

[ Exhaust Gas Regeneration system strategy ]

:

]

[ Active regeneration |

[ Fuel Burner regeneration ]

[ Microwave regeneration I.._

[ Electrically regeneration

| Passive regeneration ]

__'.[ Oxvgen Based Scot Oxidation ]
. ' Continuously Regenerating ]

]4— ! Fuel-Bome catalwvst ]

4{ Nitrogen Dioxide Based ]

Figure3.2 alternative method for exhaust gas regeneration
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3.1 Introduction

Diesel particulate filter is a device which removes particulate matter from exhaust gases through
physical filtration. DPF has a honeycomb ceramic structure with long parallel flow channels.
Opposite ends of adjacent channels are aternatively capped, forcing gas to flow through porous
side walls leaving soot behind on the surface of the walls (figure 11). Since every filter has a
finite capacity, the soot build-up must eventually be removed to prevent excessive back pressures
from occurring, that would result in an adverse impact on engine performance. In this work the
design of exhaust gas regeneration system in diesel particulate filter is presented.

INRAR

Exhaust manifold

DPF Muffler

Figure3.3 Diesdl engine exhaust line integrated with DPF
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Figure 3.4 diesel particulate filter model and cell arrangements.
3.2 Material Selection

3.2.1 Material for substrate

The material should possess high-temperature stability, resistance against thermal strain,
corrosion stability, and sufficient mechanical strength to fulfill al the requirements on filtration,
regeneration, and application in a system. It should have a low Young’s modulus, low coefficient
of thermal expansion and good therma conductivity to lower the effects of thermal stresses.
Availability for mass production at low prices and low weight is a prerequisite for automotive
applications. Considering all common materials substances, there is no materia that covers all
these demands perfectly. The diesel particulate filter substrates are made from Silica sand
material. It manufactured through extrusion method and the surface porosity is obtained by re

crystallization process of silica sand substrate at its re crystallization temperature.

3.2.2 Catalysts

Various catalyst systems used for diesel filters utilize noble metals, base metals, as well as
mixtures of noble and base metals. Platinum is the most active and the most commonly used
noble metal (palladium, rhodium or ruthenium catalysts and their mixtures are possible but
uncommon). The list of common non platinum-group metals that have or had been used in diesel

filters includes vanadium, nickel, cerium, magnesium, calcium, strontium, barium, manganese,
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iron, copper, and silver. Noble gas metals palladium and Activated base metal catalyst (nickel
/cu as primary active catalyst coated on substrate of DPF).

3.2.3 Wash coating material

Emission control catalysts are typically manufactured by applying wash coat onto catalyst
supports. The wash coat, which serves as the carrier for a precious metal catayst, is a porous
refractory oxide layer which is applied to the substrates from acidified agueous slurry, dried and
calcined as stated in [17]. Other materials, used either as catalyst carriers or as promoters and
stabilizers, include silicon oxide, cerium dioxide, titanium dioxide, zirconium oxide, and

zeolites. Aluminum oxide (Al,O3) is used in this case as wash coat material.

Figure3.5 Wash coat material (aluminum oxide)



3.3 Diesel Particulate Filter Geometry and Description

The filter has the honey comb and square cell configuration and Individual channel open
and plugged at opposite ends. The diesel Exhaust gases enter the open end, flow through
the pores the walls, and exit through the adjacent channel.

m——
¥ —
e

Qo)

Figure 3.6 Cell configuration pattern in wall flow DPF

Engine capacity Direct injection /turbo-charged/intercool er
Cylinder arrangement 6/in-line
displacement 6.871cm3
Compression ratio 16.5:1
Max.power @rated speed 169kw2,400min™
Max.torque @ intermediate speed 860Nm,1440min™*
max.BMEP 15.5bar
Min.BSFC 198g/kw-h
Calibrated for exhaust regeneration EURO 11
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able 3.1 Diesdl engine tested data calibrated for exhaust regeneration for EURO 11
3.3. Theoretical analysis

3.3.1 Filter size

Filter size is generaly dictated by engine capacity and is normally equal to engine volume. It
helps control soot collection and regeneration without impairing filter durability and imposing
high back-pressure penal as per indicated in table 2.1.

» Thereation used to design the volume of DPF is give by
Diesel particulate filter volume = engine displacement volume (V)
3.3.2configuration
» Thewall —flow filter with square cell geometry used.
» These properties can be defined in terms of repeat distance or cell spacing ¢, and wall
thickness(ws)
» Common type(100/17and 200/12)

|<—>

(I Wall thickness/ws/

Cdll spacing /£¢/

d 0 8 @ 4

Figure 3.7 Wall flow Filter with Square Cell Geometry [30]

In view of identical open frontal area, filters with 100/17and 200/12 cell configuration will
have identical open cross-sectional area and gas flow velocity through their respective channels
under constant flow rate conditions.

Thus, the pressure drop will now be proportional to I/a® we define this ratio as “back pressure

index”
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Property and performance parameter 100/17 cdll 200/12 cell
Cdll spacing distance | (in) 0.100 0.071
Filter wall thickness (in) 0.017 0.012

Cell density N (cellglin?) 100 200

OFA 0.345 0.345

MIF 0.035 0.035

a (in) 0.083 0.059

SFA (In’/in’) 16.6 23.5

BPI (inh) 1.0 1.17

Filter length(l) (in) L 0.585l

Table 3.2 Properties and performance parameters of diesel filter with two different cell
configuration [30]
Where Uo,in isthevelocity of the flow inlet channel given by

Uo,in= Q/Ao
Where, Q = engine displacement*No of cylinders*rpm
= 6.9[L]*1440[ 1/60s]*6
= 828[L/g]*10°
=0.9936[m’/g]
Ao = T”dz* OFA =0.7854*(0.2)%*0.345
= 0.0108385m"
Here Q isthe flow rate through thefilter, n isthe numbers of cylinders, and A, is the open cross -
sectional area
Therefore, Uo,in = Q/Ao
= 0.9936[m%s] /0.108385[m?]
=9.2m/s
Total numbersof cells(ncells) = total open inlet area (Ao)/hydraulic area (o)
= Aolo®
= 0.0108385m?/0.00000625m*
= 1734 célls
» Thediesel engine data from specification given in table is used for medium to heavy duty truck
of diesd engine:
Cylinder displacement = 59liter
Max.power = 169w
@Rated speed(rpm) = 2440
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Max.torque = 860NmM
@Intermediate speed(rpm)  =1440
Numbers Cylinder/ arrangement =6/in-line

Min.BSFC =198g/kw-h
Diesel Particulate Filter Specification
For filter efficiency = 80%

For filter efficiency = 85%
For filter efficiency = 90%

3.3.3 Diesdl particulate matter emission under different engine operating condition

A) Diesel engine operating condition (6-mode Test)

Modet# Speed(%oof rated) Torque(% of Max) Weighting factor(\W.f)
1 idle idle 0.355
2 40% 100% 0.071
3 40% 25% 0.059
4 60% 100% 0.107
5 60% 25% 0.122
6 80% 75% 0.286

Table 3.3 Ideal Test Mode points for the Japanese 6-mode Test [from appendix B)

B) Diesel Engine Exhaust emission under different operation condition(6-mode T est)

Mode# | CO CO2 HC NOX 02 Filter soot

(@KW.hD) | (GKW.hD) | (GKW.hr) | (GKW.hr) | (KW.hr) | (g/kW.hr)

1 - - - - - -
2 11.2 740 0 6.42 321 1.23

3 0.91 1000 0 13.1 1190 2

4 4.80 700 0 6.54 401 0.7

5 1.06 1050 0 15.0 1430 0.58

6 0.98 990 0 12.7 1320 0.8
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Table3.4 Emission in gramsgkW.h for older Detroit Diesel engine on 6-mode Test( from
appendix B)
PM emission from Diesel Engine( per Brake Power [kW])
Thisis the measured output of the engine. This power from the engine drive shaft is measured
by a Dynamometer (also known as Brake power).
Brake Power = 2*m*T2*(N2/60)

2*1*860Nm (976/60)
87.853kW
Therefore, the (DPM) emission Engine for mod2:

= 1.23g/(bkW.hr)* 87.853bkW)

=108.0592g/hr

Similarly the brake power and emission level for the corresponding mode of operations are

presented as follow
o brake power for mode 1( since at idle, the load is not coupled, we express in terms of
soot emissioning per hour = 3.7mg/hr as shownin table 2.3)
brake power for mode 2=2*3.14*860(976/60) = 87.853kW
brake power for mode 3=2*3.14*215(976/60) = 21.963kW
brake power for mode 4=2* 3.14* 860(1464/60) =13.2kW
brake power for mode 5=2*3.14* 215(1464/60) = 32.95kW
brake power for mode 6=2*3.14*645/1952rpm  =13.18kAnd the corresponding DPM

emission will be given as:

o O O O O

Therefore, the (DPM) emission from diesel Engine at different modes of operation in (g/hr) is
presented as follow:
The table 3.5 shows that the PM matter emission at each six mode of engine operation are
different. It depending the corresponding brake (bkw) and the rate of PM emission is the
summation of emission under all modes per hour.
In general: mass of PM emission in gram per hour = 36.01 g/hr

Mass PM emission in gram per filter volume = 36.01g/5.9Lhr
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= 6.034g/Lhr
0 The (DPM) emission from diesel Engine exhaust for mod2

1.23g/(bkW.hr)* 87.853bkW)=108.0592g/hr
o the(DPM) emission from Engine exhaust for mod3
20/ (bkW.hr)*21.963kW=43.926¢/hr

o the(DPM) emission from Engine exhaust for mod4

0.7g/(KW.hr)* 13.2kW=9.24g/hr

mode Brake power(bkW) PM emission(g/hr) PM emission with operation

weighting factor(g/hr)
1 idle 13.32 2.66

2 87.853kwW 108.0592 24.422

3 21.963kW 43.926 2.5922

4 13.2kwW 9.24 0.989

5 32.95kW 19.11 2.3314

6 13.18kW 10.544 3.0156
Rate of PM emission = ;_ PM i* (W.0)i 36.01

Table 3.5 Summary of mass based diesel particulate matter emission analysis
o the(DPM) emission from Engine exhaust for mod5
0.58g/(kW.hr)*32.95kW=19.11g/hr
o the(DPM) emission from Engine exhaust for mod 6
0.8*13.18=10.544g/hr

1) Mass flow rate of diesel particulate matter collected by dpf

» Filtration Efficiency = 80%
= 36.01g/hr*80%
= 28.81g/hr or 28.81¢g/ (filter volume)
= 4.883g/I per hr
Mass of PM released to atm = 36.01g /hr -28.81g /hr

=7.2g/hr
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For proposed PM emission limit (g/bkw-hr) = 7.29/87.853kWhr)
= 0.082 g/bkw-hr
» Filtration Efficiency = 85%l
= 36.01 /hr*85%
=30.61g/hr or5.21/ hr
Mass of PM released to atm = 36.01g /hr -30.61g/hr
=5.4g/hr
For proposed PM emission limit (g/kw-hr) = 5.4g /87.853kw-hr)
=0.062g/bkw-hr
Filtration Efficiency = 90%
mass flow rate of PM collected in filter :

36.01g /hr*90%
32.41g/hr or 6.68g/I per hr
9mg/s per volume of filter.

Mass of PM released to atmosphere :

36.01g /hr — 32.41g/hr
3.6g/hr
For proposed PM emission limit (g/kw.hr) :
< 3.69/87.853kw-hr)
< 0.05g/bkw.hr

3.4 Pressure Drop and Soot Layer Thicknessin DPF

When the pressure drop is too high, there is a significant amount of particulate accumulated on
the filter wall. The additional particulate needs more thermal energy to complete the
regeneration. This energy is often provided by combusting diesel fuel, which leads to a lower
fuel economy, which is an issue that should be considered at the same time. Therefore, a

reasonabl e pressure drop is required for the DPF during both filtration and regeneration.
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a) Massflow rate of Diesel Particulate Matter terms of soot layer thickness:

Figure 3.8 Diesel Particular matter deposit layer thickness
Deposit soot layer thickness w can be calculated from the soot volume soot volume for single
channel
mc

VSOOt:ncell*psoot,c @

For aloaded filter the volume of particul ate mass deposited in one inlet channel
Vsoot = (a®L —( a - 2w)iL
= 4w(a -w)L
= 4wa-4wAL (b)

Combine equation aand b gives the particulate layer thickness in terms of

mc
Awa-4w’L = ——
ncell=psoot,c
2 mc
- + —— =
w-wa 4ncell=psoot,c=L 0
This has quadratic equation form of  ax® bx +c = 0 where a=1,b=-a and =
4ncell=psoot,c+L
—b +Vb?% — 4ac

x =

2a
The solution for unknown x=w, which is the thickness of soot layer is

42



_ mc
ncell=psoot,c=L

> (9)
The first two hours of soot trapped on the wall flow filter of 90% filtration efficiency the PM
collected in filter is 36.01g /hr*90%.Which is 32.41g/hr *2hr, equal to (18.011mg/m®) PM

deposited per volume of filter.

a—- a?

ws =

Therefore, for filter length and filter channel width 30cm and 0.254cm respectively. The soot
layer thickness in the equation 4.3.3c will be ws=14um.

Total pressuredrop equation (soot loaded)

» 2 _hw uF . i
P=k0uwws+ Bpuy Wst+ —— U X dx+(2(m_w)2 Uo, inL tos Uo,outL) ..................3.1
Where velocity terms are :
Qo _UoAo _Uo o2 _Uoa . -

uw R ad  ad D clear filter condition for A

w _ w. Qo _ W Qo _ Qo a

o ¥ Zdx T 0 (Afilt dz = (4( a-2 W-X L)dz_ 8L In a—2w
Uin = QJineAo
_ Q 8Q .

: = : soot cake thickness (w) for A
% 1/2( a —2W 2 a+wS 2) D20 a—2w 2 (w) 0

— QAo _ Q(o—2W)2 — 22
Qo = SHietao = ™2 1/2(a-2W 2 atws 2 8Q (@ +wg)mD Y

length L1= L2= L3= L4= L5= L6=

thickness 0.05 0.1 0.15 0.2 0.25 0.3
wsl =

0.00002 8.44E+01 | 1.69E+02 2.53E+02 3.38E+02 | 4.22E+02 5.07E+02
ws2 =

0.00003 1.27E+02 | 2.54E+02 3.81E+02 5.09E+02 | 6.36E+02 7.63E+02
ws3 =

0.00004 1.69E+02 | 3.37E+02 5.06E+02 6.75E+02 | 8.43E+02 1.01E+03
ws4 =

0.00005 2.14E+02 | 4.28E+02 6.42E+02 8.56E+02 | 1.07E+03 1.28E+03
ws5 =

0.00006 2.58E+02 | 5.15E+02 7.73E+02 1.03E+03 | 1.29E+03 1.55E+03
ws6 =

0.00007 3.02E+02 | 6.03E+02 9.05E+02 1.21E+03 | 1.51E+03 1.81E+03
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Table 3.7a pressure drop relation across DPF channel as function of soot later thickness and

channel length
Pressure drOp AF’orous wall ASoot cake AP inlet channel AP out let channel Aptotal
L oaded filter 0.72kpa 1.55kpa 0.31kpa 0.23kpa 2.81kpa

Table3.7b total pressure drop across D PF
Modeling in Comsol

3.5 Diesd Particulate Matter Regeneration Modeling In DPF
Mathematical modeling provides a powerful tool for investigating diesel particulate filter

regeneration critical parameters under a wide range of operating conditions.

3.5.1 Soft war e description

Here the COMSOL Multi physics soft ware is used to solve the coupled flow and mass transport
eguations describing the transport/reaction /phenomena in a diesal particulate filter. Procedure
needed for the model anaysis in comsol4.3 multi physics soft ware is presented under

appendix-A.

3.5.2 DPF Model description

The channels and porous membrane with their true geometry with the only simplification being
the membrane description. The membrane could be described with a porous-media approach
using effective transport properties. Flow in the channels is expected to be close to fully
developed laminar flow.

Darcy’s Law Equation Formulation

Darcy’s law states that the velocity field is determined by the pressure gradient, the fluid

viscosity, and the structure of the porous medium:

—_x
= #Ap ...................................................................... 3.2

In this equation, k (m?) denotes the permeability of the porous medium, p ( kg/(m-s)) the
dynamic viscosity of the fluid, p (Pa) the pressure, and u (m/s) the Darcy velocity.

The Darcy’s Law interface combines Darcy’s law with the continuity equation:
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% PE + V. (PU) = Qe 33

In the above equation, p (kg/m®) is the density of the fluid, € (unit less) is the porosity, and Qn,
(kg/(m>-s)) is a mass source term. Porosity is defined as the fraction of the control volumethat is
occupied by pores. Thus, porosity can vary from zero for pure solid regions to unty for domains
of free flow.

If the Darcy’s Law interface is coupled with an energy balance, then the fluid density can be a
function of the temperature, pressure, and composition (for mixture flows). For gas flows in

porous media, the dependence is given by the ideal gaslaw:

_ M
P=Dr
P1 = Pin” % , gas density in the inlet channel
P2 = Pout* Rh;f:t , gas density in the outlet channel

Where R= 8.314 J/(mol-K) is the universal gas constant, M (kg/mol) is the molecular weight of
the gas, and T (K) isthe temperature.

3.5.3 mathematical modeling for massbalance equation in DPF
The soot particles are present only in the inlet channel because they are deposited as afilm on the

Porous membrane. Mass transport by convection, diffusion and reaction, this gives the transport

equation
??—Cti + V.(-DSV + Cj +U.Vci) TR e, 34

a o 4J9 . : : .
Where V= [a, a_y ' 3 ] is differentia operator, cs denote the soot-particle concentration

(mol/m3), i, stands for species, Ds is the diffusivity of soot particles (m2/s) , R; is soot particle

deposition as sink/source per unit area, L species flow rate and cross section area (A).

3.5.3.1 Soot species (cs) in the exhaust stream
A balance for soot particles introduces the deposition of soot particles as a sink to the flux of
particles in the open channel

dcs

a a 4
t +£(-DS£CS+ CSU]_) = O 35
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3.5.3.2 Oxygen species (02) in the exhaust stream
The model defines the concentration of oxygen using two material balances, one for the inlet and
another for the outlet channel. The materia balance in the inlet channel contains the term where
oxygen reacts in the combustion reaction with soot.

» The species material balance in the inlet channel is represented by the equation

dc

a a 4 1
—021 t —’(-Doz, 1=Co1t C02,1U1) = — Co21U + T RS i 3.6
at dz dz a a

Where co, denotes the oxygen concentration (mol/m?), Do, gives the diffusion coefficient (m?/s),
and Rs equal's the reaction rate for the surface reaction (mol/(m?-s)).
The corresponding species mass balance for oxygen in the outlet channel yields

dc

d d 4
% 032t 27 ('DOZECOZ, 2+C02,2U2) = e Co22V it 3.7

The reaction rate is described by an Arrhenius law according to:
_ —Ea
r = koz-exp (37

Rs= r* co2,1

Where ko, the pre-exponential factor, Ea, the activation energy, Ry is the gas constant, 8.314
J/(mol-K), and T the temperature (K).

The balance of soot resultsin an expression for the growth or consumption of the soot layer:

aws

ps* T3 S (A ST 5 S X 1 T 3.8

Whereas denotes the soot layer’s thickness (m), ps represents its effective density (kg/m3), and

Ms equal's the molecular weight of carbon (kg/moal).
The boundary condition for co2,1 sets the concentration at the inlet, while insulation is used for

al other boundaries. For co2,2, use a convective flux condition at the outlet and set all other

boundaries to insulation. Theinitial conditions for both co2,1 and co2,2 are O.
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3.5.4 energy balance
These are:

The balance for the inlet channels
d
p1Cor =+ V.t =p1CotT1U = (T =T1) 20 oo 3.9

Or=-KiVT1 + p1CpiT1 1
Where T1 is the temperature in the inlet channels (K), T is the temperature in the membrane (K),
Cpl gives the heat capacity of the gas in the inlet channel (J/(kg-K)), h equals the heat transfer
coefficient (W/(m2:-K)), and g1 isthe flux vector.

b) In the membrane, the energy equation is given by
v
pCy . VgL + — (PG - PiCuaTa) + Z@T -T1TD) =0 o 3.9

ql-- KAT
Here T is filter temperature, T2 equals the temperature in the outlet channel (K), Cp2 refers to
the heat capacity of the gas in the outlet channels (J/(kg-K)),and h is the heat transfer coefficient
between the membrane and the channels.

The last equation determines the temperature in the outlet channel:

G,
pchz%*' V. +§p2Cp2T2 U- gh(T - T2) S0 3.10

Qo= -KAT o+ p2CpaT2 Y2
The boundary conditions for the inlet channel are a given temperature at the inlet and insulation
at al other boundaries.

At the outlet channel, use a convective flux condition at the outlet and set al other boundaries to
insulation. Theinitia condition specifies atemperature equal to the inlet temperature of the gas.
For the membrane, the heat flux through the boundariesis given by

Om.N=Nouter (T = Tamb)
Where hyter denotes the heat transfer coefficient and Tamb equals the ambient temperature.
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CHAPTER FOUR
Results and discussion

4.1 Massflow rate analysis of Diesdl Particulate Matter (DPM) from diesel vehicle/engine
The basic approach to testing was to run each engine at 6 steady-state test modes which were
chosen to cover a range of speed and power levels. The speed and power levels were chosen to
generaly comply with the Japanese 6-mode test procedure which is a certification test standard
formerly used in Japan.

Mode# Speed(%of rated) Torque(% of Max) Weighting factor(W.f)
1 idle idle 0.355
2 40% 100% 0.071
3 40% 25% 0.059
4 60% 100% 0.107
5 60% 25% 0.122
6 80% 75% 0.286

Table 4.1 a) diesel engine modes of operation and their weighting factors

It is still generally useful for representing an engine at a range of test loads and speeds which

covers normal operation.
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Maximum torgue (Tmax) = 860Nm

Rated speed(N) = 2440rpm

mode | Brake power(bkW) | PM emission(g/hr) PM emission with operation
weighting factor(g/hr)

1 idle 13.32 2.66

2 87.853kW 108.0592 24.422

3 21.963kW 43.926 2.5922

4 13.2kwW 9.24 0.989

5 32.95kW 19.11 2.3314

6 13.18kW 10.544 3.0156

Rate of PM emission = _ PM i* (W.Di 36.01

Table 4.1 b) diesel engine modes of operation and their weighting factors

As indicated in the table 4.1b the mass of particulate matter emission level from diesel engine

exhaust level is directly proportional the engine loading condition. Which means the maximum

soot emitted at higher load (mode 2) and minimum emission level at lower load (mode 6)

SD =

il

20 -

v 5 -

== PM emission with
operation
weighting
factor(g/hr)

Diesel Engine Modes of operation points

Figure4.1 DPM emission from Diesel Exhaust under different modes of operation condition
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The total PM emission from the diesel exhaust gas per one hour under six mode operation
conditions is the summation of the products of soot filter emission and weighting factor for in
each mode of operation. As indicated in the table 4.1b Rate of PM emission = 3%_; PM i =
W.f)i , which is 36.01g/hr. About 69.5% mass of PM emitted from diesel exhaust was during
mode 2 of engine operation condition.

In general: mass of PM emission in gram per hour = 36.01 g/hr

Mass PM emission in gram per filter volume = 36.01g/5.9Lhr

= 6.034g/Lhr

4.1.1mass flow rate of diesel particulate matter collected by DPF

Filter PM | The (DPM) emission | Mass of PM released to | Proposed (DPM)
trapping from Engine exhaust | atmosphere(g/bkw.hr) emission  standards
efficiency (%) | with w.f(g/hr) (For EUIV to EUV

standards (g/bkw.hr))
80 36.01 0.082

<0.05

85 36.01 0.062
90 36.01 0.041

Table 4.1c the proposed (DPM) emission standards
Thetable 4.1c above shows that the mass of PM released to the atmosphere for filter filtration
efficiency above the 85% is meet the Proposed (DPM) emission standards.

4.1.1Soot layer thickness and Pressure drop acrossdiesel particulatefilter

W hen the pressure drop is too high; there is a significant amount of particulate accumulated on
the filter wall. The additional particulate needs more thermal energy to complete the
regeneration. This energy is often provided by combusting diesel fuel, which leads to a lower
fuel economy, which is an issue that should be considered at the same time. Therefore, a total
pressure drop across the filter is predicted from equation 3.1. the results are presented as per in

the following table.
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Pressure drop

AIz)orous wall

ASbot cake

AP inlet channel

AP out let channel

Aptotal

Loaded filter

0.72kpa

1.55kpa

0.31kpa

0.23kpa

2.81kpa

O - cC u»vwwmwod =T

T O T Q

Figure 4.2a pressure drop across unit cell channel of diesel particulate filter due to soot

deposition

AP soot layer

= MQJ/(8Ksoil )*In(a/a-2w)

The graphs in the figure above shows that the relationship between pressure drop and soot layer

thickness developed due to diesel soot particles trapped continuously on the porous membrane of

the filter wall. At each soot layer thickness the pressure drop predicted is increased in logarithm

function graphs. The soot deposited should be removed/regenerated before the back pressure

limit reached.
2.00E+03 ® wsl = 0.00002
1.80E+03 e
1.60E+03 = e B ws2= 0.00003
1.40E+03 .
X
1.20E+03 ® > A ws3= 0.00004
1.00E+03 = X A
X A
A +
SCEEUE X A | %X wsd =0.00005
6.00E+02 ® X u
X A u .
4.00E+02 O * *
) 00E+02 % ‘ Y ¥ ws5 = 0.00006
0.00E+00 T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 ®  wsb = 0.00007
Filter channel lenath(m) o>

Figure 4.2b pressure drop across unit cell channel of diesel particulate filter due to soot

deposition
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The maximum pressure drop when the soot layer thickness is at 60um, the pressure drop is
1.55kpa.the total pressure drop across the filter channel asindicated table 3.7, and it is 2.81kpa.

4.1.3 diesel particulate matter regeneration modeling in DPF
Here the COMSOL Multi physics soft ware is used to solve the coupled flow and mass transport
equations describing the transport/reaction /phenomenain adiesel particulate filter.

4.1.3.1 exhaust gas flow velocity in DPF
The channels and porous membrane with their true geometry with the only simplification being
the membrane description. The membrane could be described with a porous-media approach
using effective transport properties.
Slice: Velocity magnitude (mfs)

Outlet side v

A 42477

3.5

&

TR

Y

7
")

A

LY

AANN

B 1.5

0.5

Inlet side 0

Yo

figure 4.3 exhaust gas velocity and its flow profilein DPF
Flow in the channels is expected to be close to fully developed laminar flow. Darcy’s law states

that the velocity field is determined by the pressure gradient, the fluid viscosity, and the structure

of the porous medium:
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As shown in figure4.3 above the Maximum flow velocity values obtained at the center of filter
and decreases toward the radia direction of the DPF.The values of the flow velocity near the
outer surface of the filter is zero due to fully developed laminar flow velocity profile of exhaust
gasin DPF.

4.1.3.2 diesdl exhaust gasmass distribution in DPF

The soot particles are present only in the inlet channel because they are deposited as afilm on the
Porous membrane. The model defines the concentration of oxygen using two material balances,
one for the inlet and another for the outlet channel. The material balance in the inlet channel
contains the term where oxygen reacts in the combustion reaction with soot. The general concept

of equation 3.4 is used to find concentration of speciesin thefilter.

4.1.3.3 Oxygen species concentration distribution in DPF

The figure 4.4 and4.5 indicates that the maximum values concentration distribution is at the inlet
and center part of the DPF. The minimum values of the concentration distribution are near the
filter out let and outer. This shows that the filter channel cell at the center of the filter is
regenerated quickly before the cell located at outer one.

0.2¢

.29t

015+
0.1€ |
011+
01z
01k
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004+

0Izt

0I2F

0,01 L

Figure 4.4 Oxygen species concentration distribution in 2D model of DPF
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Figure 4.5 Oxygen species concentration distribution in 3D model of DPF

4.1.3.4 Soot species concentration distribution in DPF
The soot trap concentration in DPF model as shown in figure 4.6 and 4.7, near the out let and the
outer surface part of the filter model high soot trap concentration seen and at inlet and filter

channel located near center is less soot trap concentration distribution.



{molim?) diesel particulate matter distribution in diesel particulate filter

Figure 4.6 soot trap species concentration distribution in 2D model of DP

Slice: diesel particulate matter concentration distribution in DPF model (mol/m?)

Figured.7 soot trap species concentration distribution in 3D model of DPF
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4.1.3.5 Temperaturedistribution in diesel particulatefilter
The values for the temperature distribution in diesel particulate filter below shows that in

addition to the temperature of exhaust gas(500K), there is increase in values due to oxidation of
soot trap to 705K. In other ways from passive regeneration strategy applied the activation energy
desired for soot oxidation is lower, which implies lowed oxidation temperature than the normal

condition.

Slice: Temprature distribution in DPF model (K}
A 705,63

700

| 1 650

21 I. 1 600

. 550

o
%107

500
¥ 500

Figure 4.8atemperature distributions in diesel particulate filter model
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D temprature dictribution across the diesel particulate filter Surface: Temperature (K} Surface: Temperature (K)

A 705,63

700

1 630

1 600

350
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¥ 500

Figure 4.8b surface plot of temperature distribution across diesel particulate filter
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CHAPTER FIVE

5.1Conclusion

This paper gives clear understanding of diesel engine particulate matter emission and its negative
impact. In addition, the application of diesel particulate filter in particulate matter emission
control and the need for diesel particulate matter regeneration system design in diesel particulate
filter is studied. The filter design parameters for save exhaust gas regeneration of diesd
particulate filter like filter size and cell density and configuration are considered. The mass based
particulate matter emission is analyzed, which means (36.01g/hr) or 5.2(g/l) is collected per
volume of filter in one hour. For filter filtration efficiency above 85% the amount of PM released
to the atmosphere (< 0.06 g/bkwhr) so, agreed with Europe emission standards (0.05g/bkwhr) on

diesel particulate matter emission control legislation.

Using the soot layer thickness model on filter wall, the pressure drop (2.81kpa) across Diesel
particulate filter channel is predicted. As described in Mayer, A., 2004 of reference [29] the
Mufflers generally result in maximum back pressures of 6 kPa and diesel engines ranging in size
from 15 to over 1000 kW have back pressure limits ranging from 6.7 to 10.2 kPa.so that The
result obtained with the muffler‘s is in range of recommended back pressure limits. Therefore,
this used as an input for studying the particulate matter regeneration systems/ removing
condition in diesel particulate filter. And the regeneration behavior of diesel particulate filter
using comsol multiphysics is analyzed. The effects of exhaust gas velocity flow profile and its
effects on mass concentration distribution (maximum of 12.5 mil (mol/m?) and 5mil (mol/m°) the

oxidation of particulate matter trapped is visualized in the filter model.

Therefore since the oxidation reaction of particulate matter trap in filter generates heat in
addition to diesel exhaust gas temperature, the overall temperature of the system is increased
(705K /430°C). As Explained by J.lemaire and M.khaire, 1994, the Exhaust temperatures above
550°C are required for soot oxidation by oxygen. With the application of “oxidation catalysts”,
the required temperature can be lowered to around 400-450°C which isin similar range.

From the passive regeneration system applied the Nobel metal catalyst coated on the filter

porous membrane initiates the burning-off particulate matter and lower the oxidation temperature
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of PM .finally this overall regeneration system provides the filter channel in normal filtration
without over loaded with PM and clean the diesel particulate filters under normal engine
operation condition. Thiswill help in controlling the environmental and health problem happen
due to particulate matter emission from diesel engine exhaust.

5.2 Recommendation

The experimental part of this work should be conducted by using passive type regeneration
system strategy. The filter substrate material and design, the catalyst material and catalyst
coating methodology should be applied as per described in literature review. By considering the
soot mass distribution behavior, the filter part should be coated with catalyst based on the
regeneration profile obtained. Since the life of filter depends on the life catalyst used,It should
be take service periodically to keep in clean condition from ashes . this makes it active when in
contact with the soot trap at the temperature of the exhaust gases. The PM emission level from
diesel engine in Ethiopian should be experimentally conducted and the Ethiopian PM Emission
control legislation standards should be proposed.
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Appendix -A

Diesdl particulate filter regeneration system modeling in comsol multiphysics ~ Starting comsol

multi physics.
In the Model Navigator go to the Space dimension list and select 3D.

From the Application Modes list, select Chemica Engineering Module>Mass
Transport>Convection and Diffusion> time dependents
Type coz 1 ,€022 in the Dependent variables edit field, and Type o, in the Application mode
name edit field. Click Add.
From the Application Modes list, select Chemical Engineering Module>Mass
Transport>Convection and Diffusion>time dependent analysis
Type csin the Dependent variables edit field and soot in the Application mode name edit
field.
Click the Add Geometry button. Select 2D from the Space dimension list, and then click

OK. Click OK to close the Model Navigator and launch the main user interface.

Options and setting
From the Options menu, select Constants. Click the Import Variables from File button in the
lower |eft of the Constants dialog box and
Select the DPF file .txt to import parameters of exhaust gas, filter and soot trap which
located in the same Model Library folder as the MPH-file( as shown in the table below).
Click Open.

Alternatively, enter the parameter names and values in the Constants dialog box given:

EXPRESSION DESCRIPTIO
NAME
Patm 1.013e5[ Pl Ambient pressure
P1 0.31]kPq] Pressure, inlet channel
P2 0.23[kPq] Pressure, outlet channel
Tinet 500[K] Inlet temperature to filter channel
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Ry 8.314[J/(mol*K)] Gas constant

M gas 29[g/moal] Molar mass, gas

Kgas 0.025[W/(m*K)] Thermal conductivity, gas

Cpyas 1.2[kJ/(kg*K)] Heat capacity, gas

Km 50[W/(m*K)] Thermal conductivity, membrane
rhom 4e3[kg/m"3] Density, filter membrane

Cpm 2[kJ/(kg*K)] Heat capacity, filter membrane
Km le-12[m"2] Permeability, filter membrane

a 2.54 mm] Channel height

I 3e-5[Pa* s Viscosity, gas

Tam 300[K] Ambient temperature

hg 1500[W/(m"2*K)] Heat transfer coefficient, filter/gas
Ds le-5[m"2/g| Diffusion coefficient, soot

Kappas 1e-13[m"2] Permeability, soot layer

rhos 2e3[kg/m"3] Density, soot layer

Ms 12[g/moal] Molar mass, soot

Ds le-§[m"2/g| Diffusion coefficient, soot layer
Do2 le-5[m"2/g| Diffusion coefficient, O,

c_o2in 0.08* par/ (RG* Tiniet) Concentration of O, at inlet

Hox 30[kJ/mol] Reaction enthal py

From the Options menu select Expressions>Global Expressions.

Enter the following parameter names and values in the Global Expressions dialog box.
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name expression description

rho; (Pam tP1)* Mo/ (Rg* T1) Gas density, inlet channels

rho, (PambtP2)* Mg/ (Rg* T2) Gas density, outlet channels

V1 - EA P inlet Velocity, out let channel

Vo . 5 AD ol velocity, outlet channels

Kox1 Ko2* T* exp(-Eact(Rg* T)) Oxidation rate constant with catalyst
Kox2 Ko2* T* exp(-Eact(Rg* T)) Oxidation rate constant without catalyst
Rsl Kox* Coz1 Oxidation rate

Rs2 Kox™* Coz1 Oxidation rate

Qox1 Rs*Hox Hest generated by oxidation

Geometry modeling
Click the Geom2 tab.

From the Draw menu, select Work-Plane Settings.

In the Work-Plane Settings dialog box, click the y-z option button. Click OK.

Press the Shift key and click the Rectangle/Square button on the Draw tool bar.

Type the following values in the corresponding edit fields for the rectangle

o dimensions

Width 0.1 | position 0
X
Height 0.3 | position 0
z

o Click OK.

M eshing the model

From the Mesh menu, select Boundary Layer Mesh Parameters. In the dialog box that appears,

go to the Boundary page.

Select Boundary 3 from the Boundary selection list.

Type 1.5 inthe Stretching factor edit field.
Type 3 inthe Number of layers edit field.

Clear the check boxes for boundaries 1 and 2 in the Boundary selection list.
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Click the Sub domain page.
Select Sub domain 1 from the Sub domain selection list, then select Extra coarse from

the Predefined mesh sizes list.
Click the Re mesh button.
When the mesh has finished, click OK.

Physics Settings
Sub domain Settings-Convection and Diffusion, From the Multiphysics menu, select Convection

and Diffusion (oxygen species) .

Select al entriesin the Sub domain selection list
On the c_page, click the D (anisotropic) option button, then access the Diffusion

Coefficient matrix by clicking in the edit field.

Type Dy in the first column of the first row. Set all other matrix elementsto 0.
Type -(4/a)*vy*coy,1 - (4/a)*RsintheR edit field.

Typevlintheu edit field. Click the Artificial Diffusion button.

Select the Isotropic diffusion check box and type 0.1 in the Tuning parameter edit

Field.Click the co, » tab.
Click the D (anisotropic) option button, then access the Diffusion coefficient matrix
by clicking in the edit field.

Type Do, in the first column of the first row. Set all other matrix elementsto O.
Type (4/0)*vy*coz1 inthe R edit field.

Typevzinthe u edit field.

Click the Artificial Diffusion button.

Select the Isotropic diffusion check box and type 0.1 in the Tuning parameter edit

field. Click OK.
Click OK to close the Sub domain Settings dialog box.
Boundary Conditions setting

From the Physics menu, select Boundary Settings. Convection and Diffusion
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Enter boundary conditions for co,; according to the following table:

Settings boundary 1(inlet) all others
Boundary condition Flux I nsul ation/Symmetry
No COzin*Vv1

Enter boundary conditions for co, , according to the following table:

Settings boundary 4 (outlet) al
others
Boundary condition Convective flux
Insul ation/Symmetry

Click OK.
Sub domain Settings-Convection and Diffusion
From the Multiphysics menu, select Convection and Diffusion (soot) .
From the Physics menu, select Sub domain Settings .

Click the D (anisotropic) option button, then accessthe Diffusion coefficient matrix
by clicking in the edit field.

Type Dsin thefirst column of the first row. Set all other matrix elementsto 0.
Type -(4/a)*cs*vn inthe R edit field.
Typevlintheu edit field.

On the Init page, type ¢s0 in the Concentration, ¢s edit field. Click OK.
Boundary Conditions-Convection and Diffusion

From the Physics menu, select Boundary Settings.

Enter boundary conditions according to the following table; when done, click OK.

Settings boundary 1 all other boundaries
boundary condition concentration insul ation/symmetry
Cso Cso

Boundary From the Physics menu, select Boundary Settings .

Enter boundary conditions according to the following table; when done, click OK
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boundary condition | temperature thermal insulation

T0 Tinlet

From the Multiphysics menu, select Convection and Conduction for filter membrane.
From the Physics menu, select Boundary Settings.

Enter boundary conditions according to the following table; when done, click OK.
Boundary conditions-convection and conduction

From the Physics menu, select Boundary Settings

Enter boundary conditions according to the following table; when done, click OK.

Settings boundary 1 all other boundaries
boundary condition | temperature thermal insulation
T0 T inlet

From the Multiphysics menu, select Convection and Conduction (E_mem) .

From the Physics menu, select Boundary Settings

Enter boundary conditions according to the following table; when done, click OK.

settings boundary 1 boundary 4 boundary 5
boundary heat flux heat flux heat flux
condition

Qo -hg* (t -t1) -hf* (t -tamb) -hg* (t -t2)

settings boundaries 2, 3

Boundary Thermal Insulation

condition

From the Physics menu, select Boundary Settings. Enter boundary conditions according

to the following table; when done, click OK

SETTINGS BOUNDARY 5 ALL OTHER BOUNDARIES
Boundary condition  Convective flux Thermal Insulation
Adding Study to the model

Click the Solver Parameters button on the Main tool bar.
Delete al the predefined groups in the segregated groups area by clicking the
Delete button of each group.
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group group component
1 co2l , co22
2 Ccs
3 T

for the first group, click the Settings button, then select Direct (PARDISO) from the

Linear system solver list. Click OK

On the Solve for page of the Solver Manager, select al the application modes.

Go to the Initial Vaue page, and click the Store Solution button at the bottom of the

page.

Click the Stored solution option button in the Initial value area.

Click OK to close the Solver manager dialog box.

Click the Solver Parameters button on the Main toolbar.

From the Solver list, select Time dependent.
In the Times edit field, type range(0,90,900)s.
Type 1e-5 in the Relative tolerance edit field and 1e-6 in the Absolute tolerance

edit

Select Direct (PARDISO) from the linear system solver list. Click OK. Click the
Solve button on the Main toolbar.

Result visuadization

To generate the velocity-field boundary plotsin Figure 4.3, follow these steps:

Click the Plot Parameters button on the Main toolbar.

On the General page, clear the Slice check box and select the Boundary check box.

From the Solution at time list, select O.

On the Boundary page, type u in the Expression edit field.

Similarly, reproduce the plotsin Figure 4.6,Figure 4.5 and figure 4.8 by typing cs,coz;

andT INthe Expression edit field, respectively
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Appendix-B

Emission test vehicles/ engines under 6-mode

The test vehicles and engines were chosen to cover arange of vehicle technologies and age. Five
diesel-powered, currently licensed road vehicles were rented briefly for testing and one diesel
engine was tested on an engine dynamometer [ 31].

These six test vehicles/ engines tested, (in chronological order of testing), were:

1999 Ken worth T800 Tractor unit with Cummins N14 460 engine

1999 Ken worth T800 Tractor unit with Detroit Diesel Series 60 engine

1994 Ken worth T800 Tractor unit with Caterpillar 3406 engine

1993 Ken worth T800 Tractor unit with Detroit Diesel Series 60 engine

1992 Dodge 3/4 Ton pickup with Cummins turbo diesel engine

1993 Isuzu 4BEL1 3.6L, naturally aspirated engine (from Isuzu ELF 250 2 ton truck)

o g b~ w DR

This range of vehicles was chosen to cover a representative range of manufacturers, technologies
and vehicle ages typical of the current diesel-powered fleet. The first five engines are al
turbocharged and intercooled while the sixth is naturally aspirated. Fuel injection systems range
from mechanical pump injection to electronically controlled unit injection systems. Age ranged
from two to eight years covering the majority of active, high-mileage vehicles. For one of the
more modern engine types,(Detroit Diesel Series 60), both a relatively new unit and a higher-
mileage unit were tested, giving a measure of the effect of age on newer vehicles.

Emission test standards and conditions

The basic approach to testing was to run each engine at 6 steady-state test modes which were
chosen to cover arange of speed and power levels. The speed and power levels were chosen to
generaly comply with the Japanese 6-mode test procedure which is a certification test standard
formerly used in Japan. (Thetest isno longer used for certification, having been replaced with a
13-mode test during the 1990's. However, it is still generally useful for representing an engine at
arange of test loads and speeds which covers normal operation.) For the formal test, the six test
modes would be chosen asin Table3.3.
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Mode Co CO2 HC NOX 02 Filter Soot
(9/9) (9/9) (9/s) (9/9) (9/9) (9/s)

1 0.01 0.92 0 0.010 133 3.73

2 0.61 40.1 0 0.347 17.3 66.5

3 0.02 17.2 0 0.226 18.8 34.9

4 0.31 44.8 0 0.417 25.6 44.6

5 0.02 17.8 0 0.255 24.3 9.90

6 0.02 22.1 0 0.284 29.6 17.8

Emission in grams/second for older Detroit Diesel Engine on 6-Mode Test Using shell Diesel
(water ous, 9:00AM, March 1, 2001).
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