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ABSTRACT

Diesel particulate filters (DPF) have seen widespread use in on- and off-road applications
as an effective means for meeting increasingly stringent particle emissions regulations.
Over time, incombustible material or ash, primarily derived from metallic additives in the
engine lubricant, accumulates in the DPF. Ash accumulation leads to increased flow
restriction and an associated increase in pressure drop across the particulate filter,
negatively impacting engine performance and fuel economy, and eventually requiring
filter removal for ash cleaning.

While the adverse effects of ash accumulation on DPF performance are well known, the
fundamental underlying mechanisms controlling these effects are not. This work
explores the parameters influencing key ash properties such as porosity and permeability,
and factors controlling the soot deposition - ash formation/accumulation process, which
ultimately determines the magnitude of the ash effect on DPF pressure drop. In addition
to the ash properties, the location of ash deposit accumulation inside the DPF channels,
whether in a cake layer along the filter walls or packed in a plug at the rear of the
channels, also plays a major role in influencing DPF pressure drop. Through a combined
approach employing targeted experiments and theoretical models, explanations for the
key factors and processes controlling ash properties and their effects on DPF pressure
drop were developed.

These results, among few fundamental data of this kind, correlate changes in diesel
particulate filter performance with lubricant chemistry, exhaust conditions, and ash
morphological characteristics. Results are useful in optimizing the design of the
combined engine-aftertreatment-lubricant system for future diesel engines, balancing the
requirements of additives for adequate engine protection with the requirements for robust
aftertreatment systems.

Thesis Supervisor: Victor W. Wong
Title: Principal Research Scientist and Lecturer in Mechanical Engineering
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NOMENCLATURE

ACT Asymmetric Cell Technology
ATS Aftertreatment System

Ca Calcium

CI Compression Ignition

CO Carbon Monoxide

CO, Carbon Dioxide

DPF Diesel Particulate Filter

ECM Engine Control Module

EDX Energy Dispersive X-ray Spectrometry
EGR Exhaust Gas Recirculation

HC Hydrocarbons

HCLD Heated Chemiluminescence Detector
HFID Heated Flame Ionization Detector
ICP Inductively Coupled Plasma

Kn Knudsen Number

LNT Lean NOx Trap

Mg Magnesium

NAA Neutron Activation Analysis
NDIR Non-Dispersive Infrared

NO Nitrogen Oxide

NOx Oxides of Nitrogen

P Phosphorous

Pe Peclet Number

PM Particulate Matter

PPB Parts per Billion

PPM Parts per Million

Re Reynolds Number

RPS Relative Pressure Sensitivity

S Sulfur

SCF Stokes Cunningham Factor

SCR Selective Catalytic Reduction
SEM Scanning Electron Microscope

SI Spark Ignition

SLPM Standard Liters per Minute

SO, Sulfur Dioxide

SO4 Sulfate

SOF Soluble Organic Fraction

SOL Insoluble Fraction

STEM Scanning Transmission Electron Microscope
TDC Top Dead Center

TEM Transmission Electron Microscope
TGA Thermo-Gravimetric Analysis
XRD X-Ray Diffraction
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ZDDP Zinc Dialkyl-Dithio-Phosphate

Zn Zinc

A Area

As DPF frontal area

D Diffusion coefficient
dAggregate Aggregate particle diameter
Dy Hydraulic diameter

dp Pore diameter

D} Surface average sphere diameter
dprimary Primary particle diameter

f Fanning friction factor

k Permeability

L DPF length

P Pressure

S Channel perimeter

u Exhaust gas channel velocity
Uw Filtration velocity

\Y Exhaust gas velocity

<
£

Exhaust gas wall velocity
Porous media thickness

In 1 Out Channel inlet/outlet friction coefficient

N £

Forchheimer coefficient

%h

z

Ash layer pressure drop
Channel pressure drop

\% f‘\%
§
3
3
&

=

Pressure drop due to inlet contraction
Pressure drop due to outlet expansion
Total DPF pressure drop

Soot layer pressure drop

g £
g

2R X&

2]
)
I~
=

S

Substrate wall pressure drop
Porosity

Dynamic viscosity
Kinematic viscosity

Gas density

v T T®®

P packing Packing density
Prheoretical Theoretical density

T Sheer stress
& Contraction/expansion loss coefficient
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1 INTRODUCTION

Diesel fuel is a crucial component of the world’s energy supply, comprising 20% of
crude oil energy consumption and providing nearly all of the energy for freight transport.
The high efficiencies of diesel engines have made them the engine of choice not only in
freight applications, but also in fuel price-sensitive markets, such as Europe, where diesel
vehicles comprise more than 50% of the vehicle fleet. Despite these advantages, diesels
emit high levels of soot, a regulated pollutant and carcinogen. Diesel-related pollution

and health concerns have prompted governments to adopt strict emissions regulations.

Diesel Particulate Filters (DPF), mounted in the engine’s exhaust system, trap over 99%
of soot emissions and are used on nearly all 2007 and newer diesel engines in the United
States and Europe. While extremely effective at reducing engine-out soot emissions, the
use of DPFs presents considerable challenges to engine and exhaust aftertreatment

system manufacturers, as well as lubricant formulators.

1.1 Diesel Engine Fundamentals

Today’s diesel engines have advanced significantly since their development over a
century ago by Rudolph Diesel. In his first patent filed in Germany in 1892, Diesel
outlined the design for an innovative internal combustion engine in which combustion
was initiated by injecting fuel into air heated by compression. This fundamental
difference between Diesel’s compression ignition (CI) engine and conventional spark
ignition (SI) engines yielded an improvement in efficiency of nearly a factor of two when

the engine was first introduced [1].

Despite numerous advances in diesel engine technology over the course of more than a
century since Diesel introduced his first engine, the fundamental operating principles of
the diesel engine have remained virtually unchanged. In its most basic form, a diesel
engine is a reciprocating-piston engine employing internal mixture formation and

autoignition to initiate combustion. During the engine’s compression stroke, intake air is
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compressed to high pressures (30 to 55 bar) with an associated increase in cylinder
temperatures from 700 °C to 900 °C. Fuel is injected either directly into the cylinder or
into an adjacent pre-combustion chamber late in the compression stroke, near piston top
dead center (TDC), upon which the elevated temperature within the cylinder causes the

fuel to autoignite [2].

Mixture formation in the diesel engine plays a critical role in diesel autoignition and
subsequent combustion as well as the attainable mean effective pressure [2]. Unlike
spark ignition engines that control load by restricting the intake air through the use of a
throttle plate, load in a diesel engine is controlled by the amount of fuel injected per
cycle. The absence of any fuel in the cylinder during compression also eliminates the
possibility of uncontrolled auto-ignition or engine knock. Knock is a major problem
limiting the compression ratio of conventional SI engines. The compression of only air
in the diesel engine enables use of compression ratios up to twice those of a conventional

ST engine, in the range of 12 to 24, depending upon engine size and aspiration [2].

1.1.1 Diesel Engine Advantages

The characteristics of the diesel combustion process, described in the previous section,
provide a number of advantages over conventional spark ignition engines, the most
notable of which are: improved efficiency resulting in better fuel economy, lower
greenhouse gas and hydrocarbon emissions, higher torque at lower engine speeds, and
extended engine life. In addition to the qualities inherent to the diesel combustion
process itself, maintenance and fuel costs for diesel engines are also typically lower than

the costs associated with comparable SI engines [3].

The diesel engine’s higher efficiency translates into a 20-40% improvement in fuel
economy for diesel-powered vehicles when compared to their gasoline-powered
equivalents [4]. This significant improvement in efficiency is attributed primarily to the
diesel engine’s high compression ratio, low pumping losses due to its un-throttled

operation, and overall lean combustion. Diesel engines also typically run at slower

28



engine speeds than SI engines, due in part, for the need to allow time for the
heterogeneous mixture formation and autoignition to occur. The slower engine speeds

contribute to a reduction in frictional losses within the power cylinder [3].

The diesel combustion process results in a large amount of heat released earlier and at a
faster rate in the expansion stroke than in a gasoline engine. A direct result of the large
amount of heat released early in the expansion stroke is the production of higher torque at
lower engine speeds. In order to withstand the higher in-cylinder pressures and faster
rate of heat release, diesel engines must be constructed in a much more robust manner
than SI engines. This fact, combined with reduced friction in the power cylinder, leads to
an extension of the useful life of a diesel engine three to four times that of a comparable
gasoline engine. Furthermore, many of today’s heavy-duty diesel engines are designed

for a service life of one million miles before the first overhaul [3].

Aside from the performance advantages, the lean nature of diesel combustion also results
in extremely low carbon monoxide (CO) emissions. The absence of any fuel in the
cylinder during the compression stroke also reduces the formation of hydrocarbon (HC)
emissions from crevice volumes [1]. The low HC and CO emissions eliminate the need
for expensive aftertreatment systems (ATS) to further reduce HC and CO levels such as

the three-way catalysts employed with SI engines, in most cases.

1.1.2 Diesel Engine Applications

The benefits of diesel engines, namely high efficiency and improved fuel economy,
durability, and high power output have made the diesel engine the power plant of choice
in a large and varied number of applications. Currently diesel engines are used in many
industries including transportation, construction, agriculture, and mining, and power a
wide range of vehicles from large container ships and locomotives to light-duty passenger
cars and agricultural equipment. Due to these broad applications, diesel fuel accounts for
20% of crude oil energy consumption and provides nearly all of the energy for freight

transport [5].
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According to a 2000 study titled “Diesel Technology and the American Economy,”
diesel-powered vehicles transport over 95% of all freight in the United States.
Furthermore, based on the fraction of fuel energy consumed by vehicle type, diesel
engines power 80% of all buses (transit, intercity, and school), 100% of all freight ships,
100% of all freight trains, and 23% of all passenger trains (transit, commuter, and
intercity). In addition, based on the fraction of fuel energy consumed by sector, diesel
engines power 83% of all construction equipment, 66% of all agricultural equipment, and

22% of all mining equipment in the U.S. [6].

While diesel engines find widespread use in a number of heavy-duty vehicles, their
acceptance in the light-duty and passenger vehicle market in the U.S. has been slow. The
case for diesel engines in the automotive and passenger vehicle market in Europe and
many other parts of the world is quite different from that of the United States. Based on a
report by the European Automobile Manufacturer’s Association, diesel vehicles

accounted for slightly more than 53% of new car registrations in the EU in 2008 [7].

1.1.3 Diesel Emissions

Although the benefits presented in the previous sections make the diesel engine the most
efficient internal combustion engine in mass production today, there is still considerable
room for improvement in a number of key areas. The major disadvantages of diesel
engines are: elevated emissions of NOx and particulate matter (PM), high weight and low
specific power output, low engine speed and exhaust temperatures, and elevated engine

noise levels, relative to SI engines.

The complex heterogeneous nature of diesel combustion leads to high levels of NOx and
particulate matter emissions from diesel engines. Reducing both of these emissions
simultaneously is, perhaps, the most difficult challenge facing diesel engine development
today. Furthermore, in-cylinder means for reducing NOx generally lead to increased PM

emissions and vice versa, often described as the PM-NOx trade-off.
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Unlike gasoline engines which operate at stoichiometric conditions (¢ = 1), the lean
nature of diesel combustion poses a challenge for NOx control through the use of exhaust
aftertreatment systems, as NOx reduction in an oxygen-rich environment cannot be easily
achieved [3]. An additional disadvantage of lean combustion in diesel engines is its
associated reduction in exhaust temperature, which complicates particle emissions
reduction using diesel particulate filters, since these units require temperatures in excess

of 600 °C for complete soot oxidation without the presence of a catalyst [8].

While the problem of reducing NOx and PM emissions is currently the most pressing
challenge facing the diesel industry, a number of additional diesel engine design and
operating characteristics are the focus of substantial improvement efforts as well. The
robust engine design requirements, imposed by the high in-cylinder pressures generated
in the diesel combustion process, lead to increased engine size and weight. The diesel
engine’s heavy weight reduces its specific power output, which is typically only 50% to
65% that of comparable gasoline engines. An additional consequence of the rapid auto-
ignition event in diesel engines is elevated engine noise, especially at idle. Precision
high-pressure fuel injection systems enabling multiple injection events and injection rate
shaping are used to reduce engine noise and emissions in most modern diesel engines.

While effective, these systems also add substantial cost to the engine [3].

1.2 Diesel Emissions Regulations

Growing concern over the contribution of diesel engines to the overall atmospheric
emissions inventory, combined with increasing evidence of adverse health effects posed
by diesel particulate matter emissions [9] have resulted in increasingly stringent
regulations on the emissions from diesel engines. In 2009, the US EPA listed over 250
areas of the United States exceeding the allowable particulate matter air quality limits.
Over one third of the US population, 100M people, lives within these particulate matter
non-attainment areas. Diesel particle emissions are a recognized carcinogen and are

associated with respiratory illness, heart attacks, and premature death [10]. Furthermore,
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diesel engines accounted for nearly 75% of all mobile source PM,; 5 emissions in the U.S.
in 2000 [11]. PM, s is defined as all particulate matter smaller than 2.5 um. The problem
of particulate matter pollution from diesel sources is significantly more pronounced in

Europe, due to the much larger number of diesel engines in operation. [12].

Regulations imposed by the United States Environmental Protection Agency (EPA)
reduced the allowable NOx and PM emissions limits for diesel engines by an order of
magnitude between 2002 and 2010. These new regulations are some of the most
important factors driving diesel engine development in the United States and Europe

today.

In conjunction with the tighter emissions limits, the EPA also limited the sulfur content
of diesel fuel for highway engines to no more than 15 ppm effective in 2006 [13]. Aside
from helping to reduce overall particle emissions, the new ultra-low sulfur diesel fuels
will, more importantly, make possible the use of advanced aftertreatment devices that

would otherwise be deactivated by higher fuel sulfur levels.

Both the U.S. and E.U. have implemented increasingly stringent emissions regulations, in
an effort to reduce NOx and PM emission from diesel engines. In the United States,
emissions of NOx and particulate matter were reduced by an order of magnitude from the
2002 levels of 2.0 g/hp-hr NOx and 0.1 g/hp-hr PM to the 2007/2010 limits of 0.2 g/hp-hr
NOx and 0.01 g/hp-hr PM for heavy-duty on-highway applications. Trends in European
emission regulations follow those of the U.S., however in general the E.U. regulations are
slightly less stringent. As a result of these increasingly stringent emissions regulations,
NOx and PM emissions will be reduced by over 98% from the 1990 levels by 2010 when
the new regulations are completely phased in. Figures 1.1 and 1.2 presents historical and

future trends in NOx and PM emissions reduction.
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The large reduction in allowable NOx and PM emissions from heavy-duty diesel engines
is motivated, in part, by growing concern over the adverse environmental and human
health effects posed by these emissions. High NOx concentrations in densely populated
urban areas contribute significantly to the formation of photochemical smog and ozone
[1]. Additionally, many studies have demonstrated the potentially carcinogenic nature of
diesel particles, which can affect humans when the particles are inhaled and become
trapped in the bronchial passages and lungs [15]. Further, diesel nanoparticles (diameter
< 0.1pm) have been the subject of much investigation, especially in Europe, where new
studies have indicated the potential for these particles to penetrate lung tissue and enter

the blood stream, whereby the particles are transported to other parts of the body [16].

In addition to health effects, recent studies have also highlighted black carbon (soot)
emissions as one of the largest contributors to global warming, second only to carbon
dioxide. These studies show black carbon particles have a warming effect in the
atmosphere three to four times greater than previous estimates and may have up to 60%
the global warming potential of CO,. Black carbon is a strong absorber of solar radiation
and one of the major components of diesel soot. While a large fraction of black carbon
emissions, 25% to 35%, are due to the burning of biomass for heating and cooking in
developing countries, diesel engines contribute significant amounts in developed nations.
A recent study further noted that the per capita black carbon emissions from the United
States and Europe are comparable to those of developing countries in south and east Asia
[17]. Unlike CO, which may remain in the atmosphere for years, the lifetime of soot in
the atmosphere is on the order of one week. Reduction of soot emissions is both

technically feasible and produces almost immediate environmental benefits [18].

1.3 Diesel Emissions Reduction Measures

Emissions of unburned hydrocarbons and carbon monoxide from diesel engines are
typically low and well below the regulated levels, due to the nature of the diesel
combustion process. Particulate matter and NOx emissions are the two primary

emissions of concern from diesel engines. Due to the large reduction in allowable
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emissions levels, diesel engine manufacturers are finding it extremely difficult to meet
the 2007 and 2010 PM and NOx limits through in-cylinder optimization alone. While a
number of advanced engine subsystems and combustion strategies have been developed
and implemented to further improve the diesel combustion process and reduce emissions,
exhaust aftertreatment systems currently present the only technically feasible and

economically attractive means to meet these new emissions limits.

Advances in engine technology such as the development and implementation of high-
pressure common rail fuel injection systems, multiple injection strategies, variable
geometry turbochargers, and cooled EGR systems have yielded significant improvements
in reducing both NOx and PM emissions to the 2004 levels. In order to achieve
compliance with 2007 and 2010 emissions standards, diesel particulate filters and various
NOx catalysts, such as lean NOx traps and selective catalytic reduction systems, have
seen increasingly widespread use. These advanced exhaust aftertreatment systems are
currently the only technically feasible means for meeting the stringent emissions
requirements. While effective, the use of these systems present additional challenges for

engine manufacturers, and formed the motivation for this work.
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accumulated along the channel walls restricts the channel diameter and frontal area. Soot

accumulated on top of the ash layer is also visible in the Figure 2.2.

2.2 Ash Sources

Ash accumulated in the DPF comes from a number of sources including lubricant
additives, engine wear and corrosion particles, and trace metals found in diesel fuels.
Typically, lubricant-derived ash comprises the majority of the ash found in diesel
particulate filters in cases where fuel-borne catalysts are not used [24 - 26]. While
conventional diesel engine lubricants are typically composed of 70-83% organic refinery-
derived base stocks and 5-8% viscosity modifiers, it is the remaining 12-18% of the oil,
consisting of a mostly inorganic additive package, that is the source of the majority of the

ash emissions.

Lubricant additives perform a number of beneficial functions in the engine and are used
for wear protection, deposit and corrosion control, soot dispersion, and anti-oxidant
functions, among others. Calcium- and magnesium-based detergents, and zinc dialkyl-
dithio-phosphates (ZDDP) for anti-wear and anti-oxidant protection are some of the most

commonly used lubricant additives present in substantial amounts [22, 27].

Lubricant-derived ash is composed primarily of Ca, Zn, Mg, P, and S compounds in the
form of various phosphates, sulfates, and oxides [22, 28, 29]. While these additives serve
a number of beneficial functions, their accumulation in the DPF has attracted increasing
attention. The CJ-4 oil specification was recently developed to minimize lubricant-
derived ash impacts on aftertreatment systems by placing the following chemical limits

on the lubricant;

* Maximum sulfated ash content; 1.0%
* Maximum phosphorous content: 0.12%
=  Maximum sulfur content: 0.4%

* Maximum volatility: 13% [30].
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Despite the introduction of the CJ-4 oil specification, the effects of specific lubricant-
derived ash-related species on aftertreatment system performance are still not well

understood.

From a lubricant formulation perspective, relating the impact of specific lubricant
additives and oil sulfated ash levels to ash accumulation and the resulting degradation in
DPF performance is not straightforward. Many of the methods used to quantify ash
content in the lubricants do not accurately capture the specific mechanisms responsible
for ash formation in the engine-exhaust aftertreatment system. According to the ASTM
D876 specification, lubricant sulfated ash is defined as the material remaining after the
oil has been treated with sulfuric acid and heated until the weight of the residual material
remains constant [31]. Furthermore, variability of the test method is affected by oils
formulated with magnesium-based detergents and boron-based dispersants, as well as

various phosphorous compounds [32, 33].

Not all lubricant additives are consumed and emitted from the engine at the same rate.
ZDDP additives, for example, decompose and form anti-wear films on engine surfaces.
Differences in volatility of the specific additive components also affect their relative
emission rates. These differences in additive consumption rates result in the individual
additive elements accumulating in the DPF at amounts different from their proportion in
the lubricant. Estimates of elemental emission rates based on bulk lubricant consumption
have observed elemental capture rates in the DPF of 27% to 31% for magnesium, 37% to
42% for calcium, 37% to 86% for zinc, and 46% to 86% for phosphorous [29, 34]. The
differences in additive volatility and speciated consumption rates, present a significant
challenge for lubricant formulators to accurately specify lubricants to minimize ash

accumulation in diesel particulate filters.

2.3 Ash Effects on DPF Performance

In recent years, much effort has been devoted to identifying the effects of lubricant

additives on ash accumulation and on the performance degradation of diesel
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aftertreatment systems. As a result, a considerable knowledge base has developed,

leading to the following generally accepted observations:

« DPF ash increases with oil consumption and lubricant ash content [28, 29, 35,
36].

o Lubricant-derived ash is mostly composed of oxides, sulfates, and phosphates of
Zn, Ca, and Mg [22, 28, 29, 37].

o The use of lubricant sulfated ash levels to predict engine-out ash over-estimates
ash emissions due to lubricant volatility and differences in speciated oil
consumption rates [35, 38, 39].

« Pressure drop across the particulate filter is not indicative of total ash levels [26,
29, 39].

« Specific additive elements, primarily S and P, adversely impact catalyst
performance in addition to contributing to filter plugging [40 - 43].

+  Ash accumulation within the DPF (plug formation versus even distribution along

the channels) is affected by regeneration strategy [44, 45].

Despite considerable progress, the fundamental mechanisms responsible for many of the
observations listed above are, for the most part, unknown. For example, the parameters
affecting ash deposition, migration, and accumulation within the channels of the DPF
(plug formation, uniform distribution, and ash bridging) are little understood.
Furthermore, a number of factors are believed to affect ash packing density, which in turn

impacts pressure drop; however these specific phenomena remain to be explained.

Additionally, while it is apparent that lubricant additives and the composition of their
resulting ash affect ash morphology, much work is still required to correlate ash
characteristics to the underlying lubricant formulation. Moreover, although Ca, Mg, and
Zn are generally found in similar proportions in the DPF, as in the original lubricating
oils, other elements such as boron are not [29]. These few examples highlight the need
for developing a fundamental understating of the specific mechanisms and parameters

responsible for the widely observed, and agreed upon, ash effects listed above.
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literature, it is clear that not only the amount of ash in the filter, but also the composition,
morphology, and distribution of the accumulated ash play a significant role in

determining the DPF pressure drop response.

2.3.2 Lubricant Chemistry Effects on Pressure Drop

The studies cited in the previous section highlight the contribution of additional
parameters, such as lubricant and ash chemistry, in addition to the absolute trapped mass
of ash in the filter, to the increase in DPF pressure drop observed with ash accumulation.
A 2003 study by Chevron utilized eight different lubricant formulations each containing
different levels of boron-based dispersants, ZDDP, and calcium-based detergents.
Lubricant sulfated ash content ranged from 0.42% to 1.9%. DPF ash loading was
accelerated by adding 5% (by mass) of the candidate oils to the fuel. While calcium was
observed to be the largest contributor to lubricant sulfated ash content, as measured by
ASTM D874-06, DPF pressure drop increase, due to ash accumulation, appeared to be
more closely correlated to zinc and phosphorous concentrations in the lubricant than
calcium. Interestingly, no boron was found in the DPF, although it was present in the
lubricants [46].

In contrast to the Chevron study, a 2005 report by Lubrizol noted that high lubricant
phosphorous concentrations were not directly correlated to an increase in DPF pressure
drop. This study utilized ten lubricants with various levels of calcium, magnesium,
ZDDP, phosphorous, and boron. The authors further noted an interaction between the
platinum levels in the DPF and phosphorous in the ash, possibly creating conditions
suitable for reducing the ash particles to a sufficiently small size to pass through the DPF
pores. Similar to the Chevron study, no boron was observed in the ash deposits

accumulated in the particulate filter [29].
A number of studies have attempted to identify and quantify the various lubricant-derived

ash components accumulated in the DPF. In general, a large fraction of the ash was

found to consist of metallic sulfates and phosphates, with a much smaller contribution of
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authors hypothesized that the ash, thus deposited, results in a highly porous and
mechanically unstable structure. Over time, the ash deposits eventually collapse and

break down, allowing much of the ash to accumulate in plugs toward the end of the filter.

On the other hand, in a DPF undergoing continuous regeneration, soot is continuously
oxidized, and the ash is deposited directly on the DPF surface. Ash accumulated in this
manner appears to adhere more strongly to the filter walls, resulting in the build-up of a
fairly even ash layer along the channel length. Furthermore, particulate filters with the
ash primarily packed in a plug towards the end of the DPF exhibited a smaller increase in

pressure drop than filters in which the ash was distributed along the channel walls [44].

DPF ash layer profile measurements have also been reported and tend to show ash layer
thickness increasing axially along the DPF channels towards the back of the filter, as
shown in Figure 2.6. In general, ash deposits found near the end of the channels were
almost twice as thick as the deposits measured at the front face of the filter. Studies have
also compared ash layer thickness measurements for ash generated using an accelerated
test method (oil addition to the fuel) to un-accelerated testing. Ash layers generated via
fuel doping tended to be thicker than the layers observed in the un-accelerated tests which
ranged in thickness from 100 to 300 um [35].
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Figure 2.6. Measured ash layer thickness profiles along the DPF channels [35].
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Aside from the ash distribution profiles within individual filter channels, other studies
have investigated the bulk ash distribution within the DPF. A study by Lubrizol observed
a non-uniform radial ash distribution with most of the ash accumulated near the center of
the filter and much less ash near the DPF periphery [48]. These differences in bulk ash
distribution are most likely the result of non-uniform exhaust gas flow distribution
through the filter. Based on the observed differences in ash distribution and their
resulting effects on DPF pressure drop, it is clear that exhaust conditions and regeneration

strategy also significantly influence the manner in which ash affects DPF pressure drop.

2.4 Project Objectives

While previous studies have identified specific ash effects on DPF performance, they
provide little information to describe the underlying fundamental mechanisms
responsible for the observed DPF performance degradation, such as the properties of the
ash entering the DPF, ash interactions with the trap medium, and the influence of exhaust
conditions, among others. Further, the manner in which oil consumption and DPF ash
loading is accelerated can have a significant effect on ash accumulation and DPF

performance, as evidenced by the often conflicting data reported in the literature.

This investigation attempts to fill the gaps in the knowledge base by going beyond the
conventional approaches listed above. Through careful control and monitoring of ash
properties and feed gas composition, this work takes the first steps to investigate the
fundamental characteristics of lubricant-derived ash feeding into and deposited in the
DPF and the mechanisms by which DPF performance is affected. Further, comparison of
the laboratory results with detailed analysis of ash loaded DPFs from the field provides
not only a benchmark for comparing results obtained in the laboratory, but also additional
insight into the mechanisms influencing ash properties and their effects on DPF

performance.

47



The work in this project was conducted to systematically evaluate the effects of lubricant-
derived ash on diesel aftertreatment system performance degradation via the following

targeted investigations:

(1) chemical and physical characterization of engine-out ash entering the DPF,
trapped in the DPF, and passing through the DPF,

(2) development and implementation of a realistic accelerated ash loading system to
study ash effects on DPF pressure drop performance,

(3) correlation of lubricant composition, exhaust conditions, and the resulting ash
properties to DPF performance,

(4) detailed post-mortem analysis of DPF ash properties for ash generated in the
laboratory and comparison with field-aged filters,

(5) development of theoretical models to capture and aid in understanding the
underlying mechanisms responsible for the manner in which ash deposits affect

DPF pressure drop.

The experimental results were applied to extend the current theoretical and modeling
efforts to gain a deeper understanding of the fundamental underlying mechanisms
governing the effects of lubricant-derived ash on aftertreatment system plugging and
pressure drop performance. Lubricant chemistry, exhaust conditional effects, and factors
influencing ash deposition profiles were included in the models to more fully describe the
combined ash and soot effect on DPF pressure drop and flow characteristics.
Furthermore, these models provide additional insight into key system parameters, and
were coupled with specific experimental studies to advance the conceptual

understanding.

An enhanced understanding of these fundamental processes should prove useful to
minimize the deleterious effects of lubricant-derived ash on diesel aftertreatment systems.
If ash is accumulated as densely packed material in the trap, via sintering for instance, or
in areas “out of the way,” for example towards the channel ends, or if certain elements

could be removed, such as heavy metals possibly, then means can be developed to
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substantially improve the capacity and longevity of the diesel particulate filters. These
results, among few fundamental data of this kind, correlate changes in diesel particulate
filter pressure drop performance with ash compositional and morphological
characteristics. Results will be useful in optimizing the design of the combined engine-
aftertreatment-lubricant system for future diesel engines, balancing the requirements of
additives for adequate engine protection with the requirements for robust aftertreatment

systems.
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In general, the largest contributors to filter pressure drop are the frictional losses from
flow through the substrate, and ash and soot layers, if present. Table 3.1. outlines the
various parameters and controlling properties that contribute to filter pressure drop, as
well as the relative magnitudes of their effects. The numbers in Table 3.1 correspond to

the labels shown in Figure 3.1.

Contribution to
Pressure Drop Conrtibution Key Parameters Controling Properties Re Total Pressure
Drop
. Filter geometry, ash and soot " o
1 Inlet losses (Contraction) Open frontal area layer thickness Transition <3%
- Filter geometry, ash and soot
2 Frictional losses along inlet Channel hydraulic diameter layer thickness <2.100 5%-30%
channel walls Channel lenath Filter geometry, ash end-plug ’ e
g formation
- Filter properties, amount of ash
3 Frictional losses from flow Wall permeabiity and soot depth filtration
through wall Wall thickness Filter geometry
Filtration area Filter geometry
Ash permeability Ash porosity, pore size
4 Frictional losses from flow  [Ash thickness Ash packing density <<1 50%-90%
through ash layer I Ash layer thickness, end-plug
Filtration area formation
5 Friction losses from flow gzgﬁe."::a:"w ggz: pg;c:jrl‘ty. dF::ei sle
through soot layer —— ickne  pacd g ity
Filtration area Soot layer thickness
Frictional losses along outlet |Channel hydraulic diameter |Filter geometry o,
6 - <2,100 ~5%
channel walls Channel length Filter geometry
7 Inlet losses (Expansion) Open frontal area Fitter geometry Transition <3%

Table 3.1. Key parameters and controlling properties contributing to DPF pressure
drop. Adapted from [23].

When ash and soot first begin to accumulate in a clean filter, the ash and soot
preferentially occupy the filter pores (depth filtration). Material accumulation in the filter
pores is shown in the inset in Figure 3.1. Depth filtration is undesirable, from a pressure
drop perspective, as the material accumulation in the filter pores significantly restricts the

pore diameters, leading to a rapid increase in pressure drop.

Following depth filtration, additional material accumulates along the filter walls (cake
filtration). The filter cake builds up over time and provides an additional layer of filtrate
(soot or ash) with its own associated flow restriction and increase in pressure drop. In
general, the pressure drop associated with filter cake buildup is less acute than the

pressure drop increase due to material deposition in the filter pores. Figure 3.2. presents
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losses for gas flow along the length of the channel, and AP, ., ., are the pressure

losses associated with flow through the porous media including the filter wall, soot layer,

and ash layer.

The pressure drop associated with the filter inlet and outlet losses, due to gas expansion

and contraction can be described as:

2
APIn/()ut = Zln/()u (%J (3.2)

where p is the exhaust gas density, v is the exhaust gas velocity, and Z,,,,, defines the

friction coefficients for the inlet channel gas contraction as:

Af
7, =-0415 =L | +1.08 (3.3)

and the outlet channel gas expansion as:

Zow = (1 - -/-IL] (3.4).

The area terms in Equations 3.3 and 3.4 relate the filter frontal area, Ay, to the total
surface area, A. As listed in Table 3.1, the pressure drop due to inlet gas expansion and
outlet contraction is generally small compared with the total filter pressure drop. The
equations described above assume laminar flow at the filter inlet and exit. Where this is
not the case, the appropriate friction coefficients for turbulent or transition flows must be
used [51].

Pressure drop due to frictional losses in the exhaust gas flows along the channels can be

estimated from the following equation:

APChannel = 4f(—D[—l_J(ﬂ2—] (3.5)
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where f is the Fanning friction factor, L is the length of the channel, Dy is the channel

hydraulic diameter, p is the exhaust gas density, and v is the exhaust gas velocity in the

channel. The friction factor may be estimated from:

f== (3.6)

where Re is the Reynolds number and K is equal to 14.23 for DPF channels with a square
cross section and 16.00 for channels with a round cross section [51]. It is important to
note that the profile of the channel cross section may change as the channel becomes
loaded with ash or soot, thus affecting both the cross-sectional area and the value of the
friction factor. The exhaust gas flow in DPF channels is typically laminar. The pressure
drop due to flow along the DPF channels is generally a fraction of the pressure drop due
to flow through the porous media, however it can become significant, particularly at high

soot and ash loads, where the channel hydraulic diameter is considerably reduced.

The pressure losses associated with flow through the porous filter walls, and soot and ash
layers, provide the largest contribution to filter pressure drop. The flow through a porous
media can be described using Darcy’s Law. However, the Forchheimer-Extended Darcy
Equation provides a more accurate estimate of pressure drop through the porous layers by
accounting for inertial effects as well:

APWalI/Axh/Sool 2[%]'vw 'W+/B'p'v2 (37)

P

where p is the exhaust gas dynamic viscosity, K, is the permeability of the porous media,
vw is the gas wall velocity, w is the layer thickness, and B describes the inertial resistance.
In most practical applications of diesel particulate filters, the Reynolds number for flows
through the porous layers is much less than one, and inertial terms can be neglected as a
first-order approximation. Neglecting the inertial term results in the well-known form of
Darcy’s Law:

APyt ashi oo = (KLJ "V, W (3.8).
P
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Ash and soot accumulation in the DPF increases the material layer thickness, w, and
introduces additional flow resistance through the porous layer, reflected in the layer
permeability, K, [52]. The effect of material accumulated in the pores, as opposed to the
cake layer, is more complicated; however it can be accounted for in Equation 3.8 by
modifying the filter’s wall permeability to reflect the amount of material occupying the

pores, i.e. reduction in pore diameter.

3.1.2 Controlling Properties and Parameters

Although, the basic zero-dimensional description of filter pressure drop outlined in the
previous section does not describe all of the details and parameters affecting filter
pressure drop, it is useful to highlight the key parameters and material characteristics
warranting further investigation. The thickness and permeability of the accumulated
material layers are two of the most important parameters used to characterize flow

through porous media and are reflected in Darcy’s Law in Equation 3.8.

Permeability is related to an average pore diameter, shape, and length, and as such, has
dimensions of [L?]. It is an intensive property of the porous medium and thus does not
depend on the sample size for a homogenous medium [53]. The permeability of a porous
material is directly related to the porosity and pore diameter of the material. For the DPF
substrate, characterizing these properties is fairly straightforward, and the DPF

permeability can be estimated as follows:

1 55 32
K =—g%d 3.9
“ 5t O (3-9)

where ¢ is the porosity and dp is the pore diameter [52]. The porosity describes the void
volume of the porous material. While the porosity of the clean cellular ceramic
substrates is often specified by the manufacturer, it can be computed for the soot or ash

layers accumulated in the DPF as:
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gzl_i@“"_g_ (3.10).

p Theoretical

The packing density, Ppacking, is the measured density of the porous material or powder
and the theoretical density, prneoreticals 1S the true density of that material. The packing
density has a direct effect on the volume (layer thickness) of the accumulated material in
the DPF as well. While measurements of substrate permeability, porosity, packing
density, and mean pore size are fairly straightforward, the same measurements are
significantly more challenging when applied to the ash and soot layers. Further, soot and
ash also accumulate in the pores of the DPF during the initial filter loading phase, altering

the properties of the substrate as well.

Soot packing density and the resulting soot layer permeability is significantly affected by
soot particle size, deposition angle, and velocity, among others. Furthermore, lubricant-
derived ash is deposited on the filter along with the soot. The ash layer forms following
soot oxidation, whereby the ash particles agglomerate and form various porous structures.
While considerable efforts have been devoted to better understand soot layer properties
and characteristics, little is known about the governing processes controlling ash layer
formation and packing in the DPF. In general, however, the permeability of the ash layer

is expected to be directly related to the porosity and mean pore size.

3.2 Material Properties

Before examining the details of the various parameters controlling DPF pressure drop, it
is useful to understand the length scales at which these processes take place. In many
cases, the length scales are directly related to the material properties of the DPF, and the
ash and soot accumulated therein. The following is a brief discussion of theses properties

and their impact on filter pressure drop.

57












Aside from deposit thickness, the location and distribution of the ash deposited in the
DPF may also significantly affect filter pressure drop. Experimental and computational
studies have shown that ash generated under periodic regeneration tends to accumulate in
ash plugs at the back of the DPF, whereas ash accumulated under continuously
regenerating conditions is evenly distributed along the channel walls with little plug
formation. These differences in the bulk ash distribution may appreciably affect the
magnitude of the ash effect on DPF pressure drop [44, 45]. The factors controlling the
location of ash deposition, mobility, and accumulation in the DPF are not well

understood.

Based on the ash property measurements reported in the literature, it is clear that
lubricant chemistries play an important role in influencing ash physical and chemical
properties. However, equally important are the exhaust conditions (temperature and
flow) that affect ash deposition, packing characteristics, and mobility within the DPF.
Knowledge of the effects of each of these parameters is critical to understanding the

underlying mechanisms responsible for the observed ash effects on DPF performance.

3.2.3 Soot Properties

In contrast to the factors affecting ash properties, soot layer properties and the controlling
parameters affecting these properties are much better understood. Soot layer packing
density and permeability have been reported as a function of the Peclet number (Pe),
which provides a measure of inertial and diffusional deposition. In a 2002 study by
Konstandopoulos et al., the following relationships were defined relating soot properties
to the Peclet number:

u,-d

Pe=——V5—DP1w— (3.11)

where U, is the filtration velocity, dprimary i the primary soot particle diameter (typically
~25-40 nm), and D is the diffusion coefficient. A high value for the Pe number results in

more inertial deposition and a more densely packed soot layer, whereas a low value for
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the Pe number results in a more loosely packed soot layer due primarily to diffusional

deposition [60].

The diffusion coefficient, D, can further be estimated from the known exhaust gas

properties and soot aggregate geometry as:

K,-T

=——"—— SCF (3.12)
3mepd,,

where Kg is Boltzmann’s constant, T is the exhaust temperature, p is the exhaust gas
dynamic viscosity, and dag, is the aggregate soot particle diameter, generally on the order
of 100 nm. SCF is the Stokes-Cunningham Factor to account for non-continuum
conditions due to the small size of the soot particles. The SCF can be expressed as a

function of the Knudsen number, Kn, as follows:
SCF =1+ Kn(1.257 +0.4¢™4") (3.13)

where the Knudsen number relates the gas mean free path to the particle length scale:

Kn =22 (3.14).

agg

The Knudsen number is generally in the range of 1 to 5 for soot particles in diesel
exhaust. The gas mean free path, on which the Knudsen number is based, is computed

from the exhaust gas conditions as:

MW
2RT

=V

(3.15)

where v is the exhaust gas kinematic viscosity, MW is the exhaust gas molecular weight,

R is the universal gas constant, and T is the exhaust gas temperature. The Peclet number
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defined in equation 3.11 is therefore a direct function of the exhaust conditions and soot
particle size [60]. Figure 3.4 presents the variation of soot layer properties as a function

of the Peclet number.
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Figure 3.4. Variation of soot (a) permeability, (b) porosity, and (c) packing density

as a function of Pe number [60].

The soot permeability may also be expressed as a direct function of the exhaust gas

conditions and soot particle geometry. The soot layer permeability is defined as:

Ko = f(&) diinay - SCF (3.16).

Primary '

The soot layer permeability is, thus, a direct function of the soot layer porosity and
particle size. The porosity function, f(¢) is computed from the measured soot layer

porosity:

_[2—(9/5)(1—3)”3 —g—1/5-(1—8)2]
(1-¢)

2
f(&‘)—; (3.17).
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As evident in Figure 3.4, the experimentally determined soot properties exhibit a fairly
good correlation with the Pe number [60]. For cases in which the Pe number is greater
than 1 and inertial deposition dominates, soot properties are relatively constant. These
conditional arise when soot particles are fairly large, or when filtration velocities are

relatively high, as is most often the case.

Packing densities for soot particles on the order of 0.1 g/cm® and PM layer permeability
values in the range of 1.5x10™"* m? to 3.3x10™"* m? are reported in the literature [58, 61].
Based on the ash property data in Table 3.3, ash packing densities are roughly four times
greater than PM packing densities. Due to the large variation in ash permeability values,

differences in ash and soot permeability may vary between a factor of two and one-
hundred.

While soot properties appear to be fairly well correlated to Pe number, accurate
determination of the Peclet number is oftentimes difficult due to the challenges associated
with determining soot particle size. Diesel particles exhibit a bimodal size distribution
with primary particles in the 10 nm to 40 nm range and PM agglomerate sizes on the
order of 100 nm [62, 63]. Ash particle sizes listed in Table 3.4 are on the order of 1,000
nm. Given the difficulties associated with accurately estimating the Pe number for actual
engine-out soot and exhaust conditions, other studies have attempted to correlate the soot

layer properties directly to filtration velocity, soot mass loading, and filter pressure drop.

Figure 3.5 presents the variation in measured soot packing density as a function of DPF
wall velocity and total soot load. The experimental data presented in Figure 3.5 was
based on measured soot layer properties for soot layers generated in a single channel DPF
sample under carefully-controlled conditions. The authors further noticed some effect of
DPF pressure drop on soot layer packing density; however the specific impact of filter
pressure drop was unclear. Pressure drop is not expected to considerably affect soot

packing given the exhaust conditions generally observed for normal engine operation.
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The authors further estimated soot layer permeability based on the experimental data, and

the summary of the results is presented in Table A-1 of the Appendix [64].
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Figure 3.5. Soot layer packing density as a function of filtration velocity for three

levels of DPF soot loading [64].

Based on the data available in the literature and summarized above, the variation of soot
properties with exhaust conditions and soot particle size is fairly well understood.
Studies investigating lubricant-derived ash distribution on the particulate matter entering
the DPF indicated the ash constituents to be finely distributed on the PM agglomerates.
No lubricant-derived ash compounds were found to exist separately from the
carbonaceous PM in the exhaust [65]. Given the large difference in reported in ash and
soot particle sizes, it appears that the ash compounds and precursors, initially finely
distributed on the PM, fuse together and agglomerate once deposited in the DPF. The
parameters controlling ash formation and accumulation within the DPF are not nearly as
well understood as those controlling PM deposition, much less the resulting ash layer
properties. This study aims to investigate the factors controlling these processes, and

ultimately correlate changes in the factors affecting ash properties to DPF performance.
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3.3 DPF Pressure Drop Performance Characteristics

Using the zero-dimensional models and the soot and ash properties described above, a
series of calculations were performed to evaluate the effect of individual parameters on
DPF pressure drop. These initial calculations are useful to frame the expected
experimental results as well as to identify key areas requiring further experimental and

more sophisticated modeling efforts.

Figure 3.6 presents the results of the filter pressure drop calculations as a function of
channel area restriction for a DPF containing various ash levels. The calculations assume
all of the ash is deposited in a layer along the channel walls with a packing density of

0.25 g/cm?, a permeability of 3.0x10™* m?, and a DPF space velocity of 20,000 hr™.
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Figure 3.6. Effect of channel area restriction on individual components of DPF
pressure drop for a DPF containing only ash, with 100% of ash accumulation on the

channel walls.

The results of the calculations show a significant effect on pressure drop for channel area
restrictions above 65%. In general, these high levels of channel area restriction are not
expected to occur in on-engine applications. Typical field-aged DPFs may contain 30 g/l

to 40 g/l ash before cleaning, which corresponds to 30% - 40% reduction in channel area.
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Figure 3.9. Effect of channel length reduction on individual wall and channel
velocities for a DPF containing only ash, with 100% of ash accumulation in the

channel end-plugs.

As no ash is accumulated along the channel walls, the channel hydraulic diameter and
channel velocity remains constant. On the other hand, as the channel length is reduced,
the wall velocities increase quite significantly. The increase in channel wall velocities as
ash is accumulated in the end-plugs and the effective filter length is reduced, is
responsible for the observed increase in pressure drop shown in Figure 3.8. Furthermore,
the increase in wall velocity for the case in which all of the ash is accumulated in the
channel end-plug is approximately twice as large as the case in which all of the ash is

deposited along the channel walls, shown in Figure 3.7.

Figure 3.10 shows the reduction in channel area and length for the two hypothetical ash
accumulation scenarios. When all of the ash is assumed to accumulate in the end-plug at
the back of the channel, the channel length is reduced. At an ash level of 40 g/l, a 46%
reduction in channel length is observed. On the other hand, for the case in which all of
the ash is assumed to accumulate along the channel walls, the channel area is reduced by
approximately 41%. For real cases in which ash is accumulated along the channel walls
and in end-plugs at the back of the channel, the reductions in channel length and area will

be proportional to the amount of ash accumulated in those regions.
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Houi et al. applied a statistical model to describe the physical mechanisms governing
particle deposition and cake layer growth observed in experiments. The simulations
described particle motion in terms of a random, diffusive component (Brownian motion),
and a ballistic component driven by drag forces on the particle due to fluid flow. The
authors utilized two simulations: Type A to explore the details of the deposit structures
using only a small number of particles (1,000), and Type B using a much large number of
particles to describe the macroscopic structure of the cake layer. The simulation results

are depicted in Figure 3.12.

Figure 3.12. Simulation results for (a-c) 1,000 particle simulation where the
particles are deposited on individual collectors, and (d, ) macroscopic structure and

evolution of the cake layers [66].

The results presented in Figure 3.12 (a-c) show the details of particle deposit evolution
for particles having a much smaller diameter than the filter pores. The filter surface is
represented by collectors depicted as outlined circles. Soot and ash accumulation in
diesel particulate filters occurs on similar length scales. Figure 3.12 (d, e) depicts the
evolution and growth of the particle structures over time. Furthermore, the simulation
also accounted for a “sticking” probability, i.e. a parameter based on the angle of
incidence of the particle, to determine whether or not the particle sticks to the structure or
simply bounces away. The authors observed that the density of the particle layers
increased as the sticking probably decreased; that is the particles do not initially stick to
the structure but may bounce off multiple structures before finally settling and forming a
deposit. Furthermore, the authors noted that the structures depicted in Figure 3.12 are

obviously unstable and will eventually collapse to form bridges [66].
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Tassopoulos et al., observed similar effects related to deposit structure formation. The
authors noted that as the Peclet number decreases (ie. Brownian motion becomes more
important) the resulting deposit structures become more open, the average height of the
deposit increases, and tree-like patterns begin to appear. Further, particles deposited
under these conditions exhibit a fractal structure in which the average height of the
deposit increases with the number of particles in a non-linear manner. For particles
deposited with Pe<0.4, the resulting structures are very open. On the other hand,
particles deposited under ballistic conditions tend to be more densely packed and exhibit

porosity independent of any particle length scales [67].

Tassopoulos, in his dissertation, provides additional details regarding the relationship
between particle deposition mechanisms, the resulting deposit microstructure, and
particle transport processes. This study utilized computer simulations to account for
particle impact velocity, incident angle (measured from the normal to the target), and the

number of particle “rolling events,” and resulted in the following main conclusions:

(1) Increasing the angle of incidence of the arriving particle results in more open and
fingerlike deposits.

(2) For any given incident angle, increasing the velocity of the incoming particle
results in more dense deposits. This compacting effect becomes more pronounced
as the angle of incidence increases.

(3) Particles arriving normal to the surface result in deposits having solid fractions
approaching the random-loose-packing level, and thus cannot easily become
denser. Furthermore, the deposit solid fraction for particles arriving normal to the
surface was reported at 52%, independent of the initial particle velocity.

(4) As the particle incident angle increases, the effect of impact velocity is more
pronounced. For large incident angles, increasing the impact velocity always has
a compacting effect.

(5) Increasing the number of rolling events generally results in more densely packed

deposits. Simulations allowing for many rolling events lead to deposit structures

73



exhibiting a porosity in close agreement with experimentally-derived porosity
values for packed beds.

(6) The predicted surface roughness for deposits formed by particles arriving normal
to the surface was almost flat. On the other hand, strong fluctuations in surface
roughness were reported for particles arriving with at an incident angle of 65°,
indicating the formation of very large void regions until some later point where
these regions are blocked by newly-arriving particles.

(7) The size, shape, and orientation of the arriving particles can significantly affect
the microstructure of the deposits. Large particle mean-free-paths (mean-free-
path larger than the actual particle size, Kn<1) generally result in more compact
deposits [68].

Figure 3.13 presents several schematics depicting cake layer morphology for deposits

generated under varying conditions.
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Figure 3.13. Particle deposition and filter cake layer growth for (a) pure diffusional
deposition, (b) ballistic deposition at 60° incident angle, (¢) ballistic deposition
normal to the filter surface, and (d) ballistic deposition with particle restructuring,

i.e. multiple rolling events [68].
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3.5 DPF Pressure Drop Models

A number of DPF pressure drop models have been developed over the last thirty years.
While the complexity of these models has increased to account for a number of additional
details, the underlying theory remains the same, based largely on mass and momentum
balance and considering Darcy pressure drop through the porous media. While many of
these models have focused on predicting pressure drop in clean and soot-loaded filters,

very few have accounted for ash accumulation.

3.5.1 Clean DPF and Soot Models

A basic pressure drop model describing the performance of clean DPFs was developed by
Konstandopoulos and Johnson in the late 1980s. This model applied the one-dimensional
form of the governing equations for mass and momentum transport of the exhaust gasses
and utilized Darcy’s Law to describe the flow through porous media. The mass balance

of exhaust flow through the channels is:

d 4
Inlet Ch I — =—— 3.18
nlet Charnel: ——(pu, )= ~= pu, (3.18)
d 4
Outlet Channel: — =—— 3.19
u anel: — (puz) et (3.19)

where p is the exhaust gas density, uij(x) is the exhaust gas channel velocity, a is the
channel width, u,, is the gas wall velocity, and the factor of 4 accounts for gas flows
through all four sides of the channel. Similarly, the momentum balance for the flow

through the channels is described as:

dP,
Inlet Channel: —dfi-—(pul2 )= —Exl_ - %r, (3.20)
dpP.
Outlet Channel: ?di—(pug >= —gxg- - %‘[2 3.21)
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where Pi(x) is the channel pressure, S is the channel perimeter, A is the channel area, and

1 is the shear stress. Further, Darcy’s Law to describe the flow the porous media is:
~VP= %u (3.22)

where k is the permeability of the porous media. Darcy’s Law, applied to describe the

pressure drop across the porous DPF wall, or soot/ash layer can be written as:
P-P=%u,w (3.23)

where w; is the wall/layer thickness. Applying the appropriate boundary conditions,
sufficient parameters are described to solve the system of equations and compute the

filter pressure drop. The boundary conditions are listed as:

u (0)=U (3.24)
u,(0)=0 (3.25)
P(L)=P,, (3.26).

It should be noted that the above-derivation neglected to account for the DPF inlet and
outlet pressure losses, which the authors described as minimal for typical exhaust
conditions. The model further neglected inertial effects in the formulation on Darcy’s
Law to describe the exhaust gas flow though the filter substrate. Nonetheless, the model
described above was in good agreement with experimental data for pressure drop over

clean filters [69].

More advanced models have since been developed, building on the basic framework
outlined above. Most notably, these models have included additional parameters to

account for inlet and outlet losses, inertial effects, and soot deposition. Johnson in 2000
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expanded upon the previous work, noted above, and presented the results along with
experimental data for two different particulate filter cell geometries of 100 and 200 cpsi.
The most notable addition in the Johnson model over the previous work was the addition

of a term to account for losses at the inlet and outlet regions of the DPF channel:

AP, 0w = gplz‘xhvz (3.27)

where & is the contraction/expansion inertial loss coefficient, which depends upon the
filter open cross-sectional area and the Reynolds number. Furthermore, this model also
included the effect of soot accumulation in the DPF pores and in the cake layer on the
filter substrate. The authors estimated the soot layer permeability from the well-known

correlation of Rumpf and Gupte:

8(t)5'5 . DIZ;

kP(t)z 56

(3.28)

where Dp is the particle diameter and € is the porosity, which varies a function of time.
The value of Dp was adjusted in the models to describe the change in permeability due to

soot accumulation in the DPF pores during the initial soot loading phase [70].

Subsequent models have evolved to include inertial effects in the Darcy term, which can
become significant at high filtration velocities or for high porosity filters. The pressure

drop through the porous media iS thus described as.
AP =— + ﬁpuz w 2
Wall k uwwx w'ls (3 9)

where B is the Forchheimer coefficient and represents a length scale related to the pore

“roughness.” Both k and B depend on the pore size and can be related as:
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const.
= (3.30).

o gk
The value of the constant in Equation 3.30 ranges from 0.134 to 0.298 as determined

from data for smooth particles and rough particles, respectively, in packed beds [71].

More advanced models have since been developed that further include additional sub-
models to more accurately describe particle filtration processes as well as regeneration
and DPF thermal histories. While the physics describing DPF pressure drop behavior are
well understood, as evidenced in the evolution of the pressure drop models listed above,
the accuracy of the models is strongly dependent upon the input parameters, specifically

the properties of the porous media, such as the porosity and permeability.

Recent modeling efforts have focused on more accurately describing the properties of the
porous media by including specific filtration sub-models. Initial work developing the
filtration sub-models accounted for PM accumulation by diffusion and direct
interception, and the estimated soot permeability was used to describe soot accumulation
in the DPF pores and in the filter cake. These models computed soot permeability as a
function the soot porosity and average pore diameters which were estimated based on the
known soot particle size distribution and deposition mechanisms as influenced by the

Peclet number [61].

Still other models have extended the one-dimensional approach to solve the full two-
dimensional flow fields in the filter, and accounted for particle deposition via diffusion,
inertia, and interception. These time-dependent filtration models have shown good
agreement, with experiments (within 1%) for estimating filter trapping efficiencies based

on the initial measured particle size distribution [49].
While much effort has been devoted to developing models to accurately predict DPF

pressure drop response for clean and soot-loaded particulate filters, only a small handful

of studies have applied the same methodology to account for ash accumulation in the
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filter. Furthermore, even less is known about the ash properties and interaction between
the ash, substrate, and soot layers, key input parameters which exert significant influence

on the overall filter pressure drop.

3.5.2 Ash Models

It is surprising that relatively few DPF pressure drop models reported in the literature
account for ash effects, despite the fact that filter plugging due to ash accumulation has
been reported as one of the most significant problems facing engine manufacturers [58].
The DPF pressure drop models that do account for ash effects utilize the same basic
formulation and follow the same approach as the clean and soot-loaded DPF models

described in the previous section.

Early work incorporating ash accumulation effects in existing filter models was described
by Konstandopoulos in 2000. This work extended the Darcy models for pressure drop
through porous media to account for the additional contribution of the ash layer by
incorporating estimated ash property measurements from laboratory and bench
experiments [58]. Additional work in 2003 by the same authors refined the model to
describe ash transport and distribution within the DPF channels to more accurately
account for variations in ash deposition along the DPF channel walls and in end-plugs

toward the back of the filter.

The ash transport model, proposed by Konstandopoulos, described ash re-entrainment in
the DPF channel flow as a function of the flow shear stress along the channel walls (i.e.
when the flow shear stress exceeded the local critical shear stress of the ash deposits).
The critical shear stress of the ash was estimated as a function of the ash properties and
thermal history to compute a relative ash “stickiness” factor. Figure 3.15 presents the
simulation results for varying degrees of ash stickiness. While these models provide
some conceptual description of ash transport, the authors noted that additional efforts are
required to more accurately determine ash properties, particularly those which impact the

critical shear stress of the ash [72].
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The major components of the DPF pressure drop model are summarized as follows:

(a) Axial Channel Flow: The governing equations are given by the mass and
momentum balance to account for frictional losses of the flow along the filter

channels. The governing equations were listed in Equations 3.18 — 3.21.

(b) Flow through Porous Media: The flow through the DPF substrate, ash layers, and
soot layers is modeled using the Darcy-Forchheimer equations. Although the
inertial effects are expected to be small, additional flexibility exists within the
model to extend the simulations and cover a wide range of flow conditions. The
formulation of the Darcy-Forchheimer equation used in this model is given in

Equation 3.29.

(c) Inlet and Outlet Sections: Losses due to exhaust gas contraction at the DPF inlet
and expansion at the channel outlet are accounted for using the relevant loss

coefficients as outlined in Equation 3.27.

The model, described above, solves the full-coupled non-linear differential equations for
the channel inlet and exit velocities for the given boundary conditions (Equations 3.24-
3.26). The velocity profiles are then used to compute the pressure drop through the filter

following Darcy’s Law.

It should be noted that Darcy’s Law is valid specifically for viscous flow through porous

media, which can be defined by the porous medium Reynolds number, Re*:

RG*ZM<<
\%

1 4.1)

where U; is the pore velocity, k is the permeability of the porous media, and v is the
exhaust gas kinematic viscosity. The relationship given by Equation 4.1 typically holds
true for the flow conditions and DPF channel configurations found in most real

applications and the inertial contribution is expected to be small [69]. However, the
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where Keomposite 1S the composite permeability of the wall layer including material trapped
in the DPF pores, kyay is the permeability of the clean filter wall, kg, is the permeability
of the ash, and ko is the permeability of the soot. Further, a weight fraction term is
defined to describe the amount of ash and/or soot accumulated in the pores relative to the
available pore volume. The composite permeability is therefore, based on the relative
weight fractions or amount of material deposited in the filter pores. The weight fraction

to account for soot or ash depth filtration is defined as follows:

Vol.Deep.Bed

WeightFraction =
Void Volume

(4.3)

which is simply the ratio of the volume of material deposited in the DPF pores to the total

pore volume of the filter.

As shown in Figure 4.2, only a small fraction of the total pore volume is occupied by the
trapped material, which primarily accumulates in the pores near the filter surface before
building the filter cake. A further parameter, the deep-bed space fraction, is defined to
determine the pore volume realistically available for ash or soot deposition. The deep-

bed space fraction is:

Avail.Deep.Bed Vol.
TotalVoid.Volume

D, Fraction = (4.4).
Experimental data has shown the amount of material accumulated in the filter pores
generally occupies only a small fraction of the available volume, less than 10%, for most
wall-flow filter designs. Once the deep-bed space fraction is defined, the model initially
allows material to accumulate in the available pore volume within the filter walls. After
the pores are filled, additional material accumulation in the filters is deposited in the cake

layer on top of the filter walls or in the channel end-plug.
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dimensional models described in Chapter 3. The one-dimensional model developed, as
part of this work, accounts for these differences in inlet and outlet channel geometries.
Furthermore, sufficient geometric parameters are defined so as to accurately describe
material accumulation within the filter pores, along the channel walls in the cake layer,

and in the plug at the end of the channel.

For both soot and ash, a plug volume fraction is used to describe the relative amount of
material accumulated along the channel walls and in the end-plug at the back of the filter.

The end-plug fraction is defined as:

Vol.End.Plug

4.5)
Total Volume

End, Fraction =

which is simply the ratio of the volume of ash or soot accumulated in the end-plug, to the
total volume of ash or soot deposited in the filter. As ash accumulates in the filter over
time, the end-plug fraction is varied to account for the dynamic nature of the observed
ash distribution. The total volume occupied by the material in the filter (ash or soot) is
dependent on its packing density, which must also be input into the model. Experiments
have further shown that the packing density may vary for material accumulated in the
end-plugs and material trapped along the channel walls. The ash and soot-distribution
sub-models, outlined above, accurately describe the dynamic behavior of material
accumulation and distribution in the filter, and serve as inputs to the pressure drop

calculations.

4.4 Ash Properties

Ash packing density, porosity, and permeability were identified in Chapter 3, as they key
ash properties affecting filter pressure drop. In fact, permeability is a direct function of
ash porosity and the mean pore size. Unfortunately, not all of these properties are easily
measured. Furthermore, the specific mechanisms controlling ash particle size and

packing in the DPF, which ultimately control these key properties, are not well-known.
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The experiments conducted as part of this study, focused specifically on enhancing
understanding of the parameters (lubricant chemistry, exhaust conditions) that control the

ash properties.

Measurement of ash packing density is relatively straightforward, and serves as one of
the key inputs to the model. Knowledge of ash packing density enables calculation of ash
porosity as outlined in Chapter 3. Determination of ash layer permeability, however, is
not as straightforward. A number of relations describing the permeability of porous
media as a function of porosity and mean pore size have been developed over the past

century, the most relevant of which are described below.

One of the most widely used relationships to describe the permeability of the DPF as well
as the ash and soot layers in the DPF is that of Rumpf and Gupte. It should be noted
however, that this relationship was determined from experiments utilizing uniformly
random packs of spherical particles over a porosity range from 0.35 < ¢ < 0.7, with
Reynolds numbers from 102 < Rep < 107, and a range of particle diameters with Dp max /

Dp min~ 7. The Reynolds number, Rep was defined as:

Re, = vDpy

(4.6)

14

where, D1, is the surface average sphere diameter. The Rumpf and Gupte relationship is

thus defined as:

k=2—Dp 4.7).

For porous layers with higher porosities (¢ > 0.8) the Carman-Kozeny equation has been

proposed:

g’ —2

k=— % D 438
180(1-¢g) “.8)
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and has been successfully applied to describe the properties of some powders. In cases
where the layer is highly porous, or the particle geometry deviates significantly from a
spherical shape, the relationship described above may break down. Further, the
permeabilities computed from Equations 4.7 and 4.8 are highly dependent upon the
particle size distribution, porosity, particle shape, and packing structure [74].

In the case of highly porous structures (¢ > 0.95), the flow is better described by
approaches used for “flows around submerged structures” rather than “flow through
porous media.” In general, at high porosities the most significant contribution to flow
resistance is due to friction drag mechanisms as opposed to viscous shear, which
dominates in conduit-type flow [74]. A number of empirical correlations have been
proposed for fibrous beds, which often exhibit extremely high porosities, however these
were not utilized in this work due to the complexity in defining the geometries.
Equations 4.7 and 4.8 have also been defined as a function of the average pore diameter

instead of the average particle size in DPF modeling studies [49].

Unlike general cake filtration theories which describe the deposition of particles having
some known size distribution on a filter surface as a function of the Peclet number, ash
accumulation in the DPF follows a different physical mechanism. Ash-related species
may be distributed within the particulate matter in a solid or liquid phase and are
deposited with the carbonaceous soot on the DPF surface. Following repeated
regenerations, ash particles begin to agglomerate and form a porous layer along the
channel walls. In effect, the ash particles and the ash layer properties are formed directly
in the DPF, and are much less a function of the soot deposition mechanisms. While the
various relationships, described above, relating permeability to the porous layer
properties serve as a starting point for the modeling work, significant effort was devoted
to better define the specific form of the relationship between ash layer morphology and

its resulting permeability.
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5 EXPERIMENTAL SET-UP AND APPROACH

The general experimental approach utilized in this study focused on the following
specific areas: (1) quantifying and characterizing engine-out ash-related species, (2)
determining the effects of ash accumulation on DPF pressure drop performance, and (3)
measuring ash distribution, morphology, and key properties of the ash deposited in the
filter. The experiments utilized a Cummins ISB 300 and a specially designed accelerated
ash loading system coupled to the exhaust of the engine. The ash loading system was
designed to simulate engine-out ash in a realistic manner and allow for careful control

and monitoring of exhaust conditions.

5.1 Approach

The lack of fundamental understanding of ash effects on DPF performance degradation is
due in large part to the slow, cumulative nature of ash accumulation. Field and
laboratory tests show on the order of 100,000 miles or several thousand hours of testing
are required to observe and quantify specific ash effects [26, 39, 75, 76]. Asa result, un-
accelerated testing is both costly and time consuming. ~ While field trials provide
arguably the most realistic conditions for ash accumulation, the inherent variability of
these tests makes identifying the underlying fundamental mechanisms all the more
difficult. On the other hand, laboratory tests, well-suited to conducting carefully-
controlled experiments, are nearly impossible to conduct given the extremely long run
times required. Before describing the approach taken in this work, it is instructive to

examine the various approaches reported in the literature.

5.1.1 Accelerated Ash Loading

In response to the long run-time requirements, researchers have developed many new and
innovative test procedures for accelerating the ash exposure of diesel aftertreatment
systems. A 2003 study by Lubrizol accelerated ash loading by doping oil in the fuel up to

0.2% in order to simulate 100,000 km of ash exposure over the total test duration. Four
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different oils were investigated, with sulfated ash levels between 0.63% and 2.26%.
Similar to field-aged filters, the majority of the ash was found near the back of the filter.
The use of high sulfated ash oils in the fuel doping experiments yielded ash that was
denser and more evenly distributed along the filter channels as compared to lower
sulfated ash oils [48]. A similar Chevron study utilized eight oils with different sulfated
ash levels ranging from 0.43% to 1.97%, doped in the fuel at the 5% level. Interestingly,
while boron was found to contribute to sulfated ash in the lubricants, little boron was

found in the ash accumulated in the particulate filters [46].

In addition to fuel doping, researchers have also injected oil into the intake manifold to
accelerate oil consumption and DPF ash loading. A Lubrizol study in 2004 injected oil at
a rate of 1.5 ml/min using an SAE 15W-40 1.5% sulfated ash oil. A 165 hour DPF ash
loading test was conducted and the results compared to a 1,118 hour un-accelerated test.
While both cases showed the ash deposited in a similar manner, the ash generated by
intake oil injection appeared thicker and less porous [35]. More recent studies have
utilized intake manifold oil injection with a slightly undersized DPF (DPF to engine
volume ration of 0.88) to further accelerate ash loading. These experiments increased oil
consumption by 20 g/hr over the average stock engine oil consumption rate for a test
duration of 120 hours. Based on these tests, the authors observed a non-linear effect of
ash loading on backpressure, with little backpressure increase until high levels of ash

loading were reached [38, 76].

Still other researchers have avoided such drastic acceleration methods as fuel doping and
intake manifold misting. They have, instead, utilized high oil consumption engine
operating conditions (high speed and load) in order to somewhat accelerate DPF ash
loading. This technique was employed by Exxon in a 2003 study with a 200 hr
dynamometer test simulating 20,000 to 30,000 km, a 1,200 hr dynamometer test
simulating 120,000 km, and a 120,000 km vehicle test for comparison [28]. A similar
study was conducted by Lubrizol in 2005 in which 10 oils were evaluated, each with the
same 1.8% level of sulfated ash but different additive packages. The test duration for

each oil was 270 hours, simulating 27,000 km. Once again, little correlation was
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observed between DPF pressure drop and ash accumulation [29]. Most recently, a 2007
paper by Corning described a test procedure with relatively high engine load factors to
simulate 300,000 miles and 420,000 miles over test durations of 1,720 hours and 2,640
hours, respectively. These experiments provided further evidence of the non-linear

response of DPF pressure drop to both soot and ash loading [39].

While all of the studies described above utilized a wide range of techniques to accelerate
DPF ash loading, differences in acceleration methods, lubricant properties, test cycles,
and temperature and flow histories all affect exhaust and ash characteristics and their
resulting impact on aftertreatment system performance. These differences bring into
question the relevance of accelerated methods to accurately simulate actual DPF ash
loading. Only a small number of studies have made some comparison between the ATS
ash effects observed using accelerated techniques and un-accelerated loading methods
and field tests. Further, very few, if any, studies have explored the effects of acceleration
method on exhaust and ash properties and applied this understanding to interpret

differences in results obtained using accelerated methods and actual vehicle field tests.

Perhaps one of the more thorough investigations into the effect of acceleration method on
exhaust and particle properties was conducted by Oak Ridge National Laboratory in
2005. This study compared the effects of fuel doping and intake and exhaust manifold oil
injection to accelerate the phosphorous poisoning of diesel oxidation catalysts. For oil
doped in the fuel or injected into the intake manifold, P, S, Zn, and O were found in small
particles on the soot, whereas exhaust manifold injection coated the PM in a glaze of P,
Zn, S, and O. The method of oil introduction was observed to have a significant effect on
both exhaust PM composition as well as DOC poisoning [42]. Clearly, additional
fundamental studies investigating the effects of acceleration techniques on PM and ash

properties and ATS impact are warranted.
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5.1.2 Field Studies

In addition to gaining a better understanding of the fundamental differences between
accelerated and un-accelerated ash loading methods, field trials provide valuable
information and serve as benchmark for the validation of accelerated testing procedures.
One of the most extensive field trials, reported in 2006, utilized 9 fuel delivery trucks
retrofitted with passive DPF systems each run over 180,000 miles. This study observed
differences in ash morphology and structure for vehicles using different lubricants, with
lower sulfated ash oils yielding larger ash particles. Additionally, older and high mileage
engines showed increased ash levels in the DPF as compared with newer engines.
Similar to previous studies, exhaust backpressure was not observed to be a direct function

of ash accumulation [26].

5.1.3 MIT Approach

A review of the current knowledge base clearly demonstrates the need to gain a
fundamental understanding of the key parameters and mechanisms responsible for the
observed effects of lubricant-derived ash on diesel ATS performance. The approach
utilized in this study developed and validated an accelerated ash loading system through a
methodical analysis of exhaust and ash characteristics, and comparison with actual
engine-out conditions. While no accelerated ash loading method will simulate all of the
effects observed in the field perfectly, well-developed and validated techniques can
capture the underlying fundamental processes. Furthermore, differences in PM and ash
characteristics between accelerated and non-accelerated methods need to be investigated
in order to better understand and quantify differences in observed ATS performance.
Lastly, carefully-controlled laboratory experiments are required if progress related to
uncovering the underlying fundamental mechanisms influencing ash effects on ATS is to

be made.

DPF ash loading can be accelerated using the following methods: (1) increase total oil
consumption rate, (2) increase ash level in the oil, (3) decrease DPF size. In order to

utilize lubricants with conventional additive packages, the use of high sulfated ash oils
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was not considered in the initial system design, and the acceleration methods focused on
using a combination of an undersized DPF and elevated oil consumption rates. In order
to realistically accelerate lubricant-derived ash loading of diesel aftertreatment systems, it
is instructive to understand the major oil consumption mechanisms in a heavy-duty diesel

engine:

1. Transport through the piston ring pack leading to combusted and volatile losses.
2. Valve and turbocharger seal leakage leading to liquid oil losses.
3. Blowby and loss through the PCV system, if used [77].

The experimental approach taken in this work focused on three key aspects. First, the
effects of specific acceleration methods on PM and ash characteristics were investigated,
so that differences between accelerated and non-accelerated techniques could be
accounted for. Second, investigations into the effects of specific oil consumption
mechanisms (combusted lubricant, and volatile and liquid losses) on engine-out PM and
ash characteristics were utilized to more accurately accelerate lubricant consumption. As
the combustion of lubricant in the power cylinder is the single largest source of diesel
engine oil consumption, development of the accelerated ash loading system focused on
how lubricant combustion affected ash properties. Lastly, ATS performance and ash
characteristics evaluated using the accelerated methodology were compared with field-

aged units in order to understand and minimize any significant differences.

5.2  Accelerated Ash Loading System

Figure 5.1 presents the required oil consumption rates for a 1.0% sulfated ash oil to
achieve a DPF ash level of 40 g/l over a test duration of 100, 50, and 10 hours for various
DPF sizes. The volume of the full-sized DPF system utilized on the Cummins ISB in this
study was 17.8 liters in order to accommodate the full engine exhaust flow while
maintaining acceptable exhaust backpressure levels. Reducing DPF size presents one

means of accelerating DPF ash loading. The DPF volume selected for the accelerated ash
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A heat exchanger mounted downstream of the combustor provides additional control of
exhaust temperature, independent of the burner settings, allowing for online DPF

regeneration. In this manner DPF inlet temperatures can easily be controlled between
200 °C and 800 °C.

A junction between the combustor outlet and heat exchanger inlet connects the Cummins
exhaust system to the accelerated ash loading rig. A portion of the ISB’s exhaust can be
routed to the ash loading system, providing a realistic exhaust composition (gaseous and
PM) that is mixed with the ash and soot generated by the combustor. Following the heat

exchanger, the exhaust and combustion products are fed into the aftertreatment test

section.

The purpose of the accelerated ash loading system, shown in Figure 5.2, is to allow for
careful control and acceleration of specific oil consumption mechanisms, enabling the
simulation of engine-out ash and PM as closely as possible. The supplementary injector
(mist) located downstream of the heat exchanger allows for the injection of lubricant and
additive components directly into the hot exhaust stream. This injection system was not
used in this study, but provides flexibility to control the amount and phases (solid, liquid,

vapor) of lubricant/ash introduced in the exhaust.

A centrifugal blower mounted downstream of the DPF test section provides additional
control over exhaust gas flow rates through the particulate filter during the accelerated
ash loading cycle. With the burner switched off, the test set-up functions as a flow bench
with airflow through the DPF varied using the blower to evaluate the pressure drop
behavior of the DPF as well. Airflow measurements through the accelerated ash loading
system are provided by an Eldridge Series 8732 thermal mass flow meter. Temperature

probe locations within the DPF are also shown in the inset in Figure 5.2.
The significant length of the exhaust pipes and heat exchanger system connecting the

combustion chamber to the DPF test section provide ample surface area for particle and

ash deposition. The oil consumption rate of 4 ml/min, accounts for this deposition along
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the exhaust system. As all of the DPFs were tested on the same system, following the
same test procedures, and the final ash-loaded DPF weights are known, particle
deposition along the exhaust system is not expected to affect the results. Figure A-2 of

the Appendix shows the accelerated ash loading system installed on the test bed.

5.3 Engine and Instrumentation

The engine used in this study was a Cummins pre-production development engine based
on the 2002 ISB 300 engine platform. The ISB 300 is a 6 cylinder, 5.9 liter, four-stroke,
turbocharged, direct injection diesel engine. The engine is rated at 224 kW (300 hp) at
2500 rpm and 890 N-m (660 fi-1b) at 1600 rpm. In order to meet 2002 EPA emissions
standards, the engine employs a number of advanced subsystems such as a Bosch high-
pressure common rail fuel injection system, Holset variable geometry turbocharger, and
cooled exhaust gas recirculation (EGR). The engine and its associated subsystems are all
electronically controlled, and access to Cummins control and calibration software allows
for real-time monitoring and modification of engine control parameters. In this study, the
stock 300-horsepower calibration was uploaded into the ECM and only slight
modifications to the engine control parameters were made. Table 5.2 contains additional

details regarding engine specifications and geometry.

Model ISB 300

Maximum Torque

890 N-m @ 1600 rpm

Maximum Power 224 kW @ 2500 rpm
Number of Cylinders 8, in-line
Combustion System 4 stroke, direct injection
Injection System Common Rail

Variable geomoetry turbocharger

Aspiration and intercooler
Displaced Volume 5.9 liters
Compression Ratio 17.2:1
Cylineder Head Layout 4 valves/cylinder
0.D. =158 um
Injection Nozzle L=1.00mm

8 sac-less nozzles per injector

Injection Pressure

800-1600 bar

Table 5.2. Cummins ISB 300 engine specifications.
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In addition to the stock electronic controls, the engine was heavily instrumented and all
measurements were recorded using National Instruments data acquisition hardware and
software. Slow-speed data was acquired using three 32-chanel thermocouple modules
(SCXI-1102B) with fixed 200 Hz low-pass filters, while a general 32-channel module
(SCXI-1100) containing a fixed 10 kHz low-pass filter was used to acquire both high-
and slow-speed signals. The various modules were connected to a SCXI-1100
multiplexing chassis routed to a high-speed PCI-6024E data acquisition board. The slow-
speed measurements consisted mainly of data from various thermocouples, pressure
transducers, and flow meters, while high-speed data consisted of crank angle and in-

cylinder pressure measurements.

5.3.1 Particulate Matter Emissions Sampling

Bulk particulate matter emissions were collected on conventional glass fiber and Teflon
filters in order to determine PM emission rates by gravimetric analysis as well as to
analyze bulk PM composition and ash content. Individual PM samples were also
collected on small metallic grids for morphological and compositional analysis using

electron microscopy.

5.3.1.1 Gravimetric Sampling

Particulate samples were collected simultaneously before and after the DPF to allow for
accurate determination of trapping efficiency. All particle emissions were sampled from
the raw and undiluted exhaust to preserve particulate matter composition. Bulk PM
samples were collected on 47 mm Pallflex glass fiber filters, and the amount of particles

collected was determined gravimetrically.

Following the gravimetric analysis, bulk composition of the particulate aggregates
collected on the filter papers was characterized using Horiba’s MEXA 1370 PM analyzer.
Total particulate mass (TPM) is generally sub-divided into three major components:
soluble organic fraction (SOF), sulfate fraction (SQO4), and an insoluble fraction (SOL).

The SOF consists of organic material originating in the lubricating oil and fuel, while the
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5.3.2 Gaseous Emissions Sampling

Exhaust concentrations of HC, CO,, CO, O,, NO, NOx, and SO, were measured both
upstream and downstream of the DPF. Hydrocarbon emissions were measured using a
flame ionization detector (FID), and a heated chemiluminescence analyzer was used to
determine NOx and NO emissions. The CO, CO,, and O, measurements were carried out

using a non-dispersive infrared analyzer, with the CO, measurements used to verify EGR

fraction in the intake manifold.

Sulfur dioxide emissions were measured using an API 100E UV fluorescence analyzer
with a lower detectable limit of 0.4 ppby. In addition to the gaseous SO, measurements,
total sulfur in the exhaust was also measured with an Antek 6000SE SO, analyzer. The
Antek utilizes two pyro furnaces each at 1,000 °C to convert any sulfur on the particles
and in the exhaust stream to SO, for measurement via a UV fluorescence detector.
Accurate determination of low-level SO, emissions is complicated by the presence of
interference gasses such as poly-aromatic hydrocarbons (PAH) and NO present in diesel
exhaust. In order to minimize these effects, the API analyzer employs a hydrocarbon
scrubber as well as a NO optical filter, whereas the Antek utilizes an ozone generator to
minimize NO interference. Nonetheless, NO emissions were always measured along
with SO, to ensure that any changes in SO, levels were indeed accurate and not

influenced by changes in NO levels as well.

An exhaust gas conditioning and analyzer system was constructed at the Sloan
Automotive Laboratory to allow for the measurement of gaseous emissions in the raw
exhaust stream before and after the DPF, as well as the engine’s intake manifold to verify
EGR fraction. A detailed description of this system is presented in [80]. A schematic of
the experimental setup as well as the emissions sampling points and analyzer system is

shown in Figure 5.4.
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Figure 5.4. Experimental configuration showing test-bed, exhaust aftertreatment

system, and emissions sampling points and associated hardware.

In this study, all gaseous emissions comparisons were based on measurements sampled
from the raw exhaust using heated sample lines and filters to prevent any water from
condensing out of the exhaust stream. The HC, NO, NOx, and total sulfur emissions
were sampled wet, while the CO, CO,, and O, emissions were sampled dry after first

passing through a sample chiller and condenser.

5.4 Analytical Techniques

A number of analytical techniques were employed to characterize the chemical and
physical nature of the ash- related compounds collected in the bulk particulate matter and

as individual particles directly on the sample grids.
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S.4.1 Electron Microscopy

Electron microscopy techniques were used to characterize PM and ash morphology, as
well as elemental composition. All of the electron microscopy analysis was carried out at
the MIT Center for Materials Science and Engineering (CMSE). Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were applied to obtain
high quality images of the ash and particulate samples. SEM is capable of providing
resolution near one nanometer, whereas image resolution to a fraction of a nanometer can
be obtained with TEM. Further post-processing of the images using commercially
available image processing software allowed for the determination of average particle

and agglomerate sizes, relative number concentrations, and related information.

5.4.1.1 Scanning Electron Microscopy

Scanning electron microscopy was used to characterize ash morphology and composition
for ash in the exhaust entering the DPF, as well as ash deposited in the lab- and field-aged
filters. In contrast to TEM, SEM provides high resolution, three-dimensional images of
the ash. In addition to imaging, energy dispersive x-ray analysis (EDX), used in
conjunction with the SEM, allowed for the identification of specific elements in the ash
particles. This technique, thus, provides qualitative information on ash composition and

distribution of lubricant elements in the ash samples.

5.4.1.2 Transmission Electron Microscopy

Transmission electron microscopy was used to characterize ash morphology in the
exhaust entering the DPF. TEM provides high resolution two-dimensional images of ash
and soot particles and agglomerates to a fraction of a nanometer. The use of commercial
image processing software enabled the determination of average primary particle and

agglomerate sizes and additional morphological information.
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5.4.1.3 Scanning Transmission Electron Microscopy

Concurrent with the physical characterization of the ash and PM samples, information
regarding the distribution of specific ash-related elements in the bulk PM and in the ash
samples was collected via scanning transmission electron microscopy (STEM). STEM
utilizes a highly-focused 1.0 nm diameter beam of electrons scanned across the surface of
the specimen in a raster. An x-ray detector collects x-rays excited in the irradiated
sample, producing a spectrum characteristic of the various elements of which the sample
is composed. This technique, therefore, allows not only the identification of the
composition of various individual ash particles, but also the distribution of ash-related
elements in the bulk particulate matter entering the DPF. Under ideal conditions, STEM
can provide information on chemical composition with a sensitivity of a few atoms and
spatial resolution of 0.5 nm. This technique, thus, provides qualitative information on
ash composition and distribution of the ash particles in the carbonaceous particulate

matter entering the aftertreatment system.

5.4.2 Thermal Analysis

A number of thermal analysis techniques were employed to measure the ash content of
the engine-out particulate matter, as well as to characterize the specific properties of the
ash deposited in the DPF.

S5.4.2.1 Thermogravimetric Analysis

Thermo-Gravimetric analysis (TGA) was used to provide information on bulk particulate
composition, total ash content, and ash properties. TGA is a conventional thermal
analysis technique, which measures changes in sample weight as a function of
temperature in a controlled atmosphere. All of the TGA analysis was carried out at the
MIT CMSE utilizing a Perkin Elmer TGA 7. The PE TGA 7 is capable of attaining a
maximum temperature of approximately 1,000 °C with a sensitivity of + 1 ug. A detailed

description of TGA analysis as applied to the determination of total ash content in
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particulate matter was presented in [65]. The ash generated as a result of the TGA

analysis was further subjected to a detailed microscopy investigation as well.

5.4.2.2 Thermogravimetric — Mass Spectrometry Analysis

In some cases a mass spectrometer was used in conjunction with the TGA to monitor the
species evolved from the sample. The mass spectrometer uses an electron beam to
generate ions from the sample. The ions are then classified according to their mass-to-
charge ratio, resulting in the mass spectra. The resulting spectrum generally shows the
relative intensity of the various ions detected in the sample, listed by their mass [81]. As
the sample of soot or ash is heated in the TGA, the gasses flowing through the TGA,
including any evolved species from the sample, are fed through the mass spectrometer for
analysis. TGA combined with mass spectrometry provides information on sample
decomposition as a function of temperature, which is useful to study the effects of

temperature on ash composition.

5.4.2.3 Dilatometry

Dilatometry was utilized to determine the change in length of an ash sample as a function
of temperature. This is a widely used technique to measure material expansion or
contraction due to temperature changes. The dilatometer consists of a sample holder,
generally a cylinder, contained inside a furnace, into which the powder sample is placed.
A push-rod is inserted in one end of the cylinder and the sample is placed under a small,
generally negligible load. As the sample is heated, a linear displacement transducer
accurately monitors push-rod position. The Netzsch dilatometer used in this study was
capable of achieving a maximum temperature of 2,000 °C with a resolution to measure
the change in length of 1.25 nm. The output of the instrument is change in sample length
(volume) as a function of temperature and can be used to determine sintering onset, and
sample expansion or contraction [82]. The data obtained from the dilatometer
measurements can be combined with the TGA data to compute the change in sample

density as a function of temperature as well.
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5.4.3 Compositional Analysis

A number of techniques were employed to measure the bulk composition of the ash
samples. The techniques ranged from elemental analysis to compound identification and
were useful to compare ash composition for the ash generated in the laboratory with ash
obtained from field-aged filters, as well as to relate ash composition to lubricant

chemistry and ash properties.

5.4.3.1 Inductively Coupled Plasma

Inductively coupled plasma (ICP) provides a convenient means of simultaneously
determining the elemental composition of a sample. In ICP atomic emission
spectroscopy (ICP-AES), the sample is ionized by means of high-energy plasma and the
photon emissions from the ions are detected to produce the spectrum. Analysis of the
spectral lines and their corresponding intensities provides information related to the
elemental composition of the sample. Detection limits for ICP-AES generally range from
1 to 100 ppm depending on the specific element analyzed. For solid samples, such as
ash, a digestion technique must be utilized prior to analyzing the sample with ICP. Most
of the ICP data reported in this work utilized a combined approach of acid and
microwave digestion. It is also possible to couple ICP with a mass spectrometer (ICP-
MS) to obtain detection limits on the order of parts per billion (ppb), however ICP-AES
was used for the analysis of the ash samples [83]. In addition to measuring elemental
composition of ash samples accumulated in the particulate filter, ICP was also employed

to monitor levels of ash-related elements in the particulate matter emitted by the engine.

5.4.3.2 Neutron Activation Analysis

Aside from ICP, neutron activation analysis (NAA) was used to obtain a quantitative
assessment of speciated ash emission rates in the particulate matter. NAA is a non-
destructive measurement technique allowing the simultaneous quantification of multiple

elements. Minimum detectable levels (MDL) for neutron activation analysis depend
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upon the elements of interest, but are typically in the sub-ppm range, making the

technique ideally suited for quantifying trace metals and ash-related elements in the PM.

In neutron activation analysis, the PM samples collected on 47mm quartz filters are
irradiated for a specified amount of time at the MIT Nuclear Reactor Laboratory. While
in the reactor, the PM sample is bombarded by neutrons causing the elements present to
form various isotopes. Following irradiation, the sample is placed in a radiation detector
to measure the emissions generated by the decay of the isotopes. By comparing the
decay characteristics and spectra of the PM and ash samples to that of a known standard,

the specific trace ash elements in the PM can be quantified.

5.4.3.3 X-Ray Diffraction Analysis

X-Ray Diffraction (XRD) is a powerful technique used to identify and quantify the
chemical compounds present in a sample. In XRD the diffraction pattern measured from
the incident x-ray beam contains information related to the atomic spacing of the crystal
lattice according to Bragg’s Law. The position and intensities of the peaks in the spectra
are used to determine the type, crystallographic phase, and quantity of material present
[84]. A Rigaku Powder Diffractometer at the MIT CMSE was used extensively in this

work to identify the lubricant-derived compounds present in the DPF ash samples.
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The specially formulated lubricant blends consisted of base oil containing only a calcium-
based detergent, and base oil containing only ZDDP. Both oils were formulated to a
sulfated ash level of 1.0%, the same sulfated ash level as the commercial CJ-4 oil. A
third lubricant formulation consisted of the same base oil with an ashless additive

package; however the results of those tests are not included in this work.

6.2 Fuels

A conventional ultra-low sulfur diesel fuel (ULSD) was used in both the Cummins ISB
and accelerated ash loading system. The ULSD contains no more than 15 ppm sulfur. In
order to rule out significant contributions to ash emissions from the fuel, samples of the
ULSD were periodically subjected to a detailed elemental analysis, and the results are

shown in Table 6.2.

ASTM D5185
Element Ca Mg P Na K Zn
ULSD [ppb]| <97 | <56 |<1180|<2010|<2690| <155

Table 6.2. Elemental analysis of the test fuel.

In all cases, trace elements measured in the fuel were always below the minimum
detectable limits (MDL) of the analyzer. Depending on the element, the MDL ranged
from approximately 100 to 1,000 ppb.

6.3 Parﬁculate Filters

Conventional cordierite particulate filters were utilized in all of the ash loading tests. The
filter cell geometry was 200/12 (200 cells per square inch, 0.012 inch wall thickness).
All of the ash loading tests were conducted using catalyzed filters containing either a
vanadium- or platinum-based catalyst. While both the vanadium and platinum catalyzed

filters were used for baseline performance studies, only the platinum catalyzed filters
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were utilized in the subsequent ash loading tests. Table 6.3 presents the details for the

filter specifications and geometries.

Substrate | Catalyst Dimensions Cell Density | Wall Thickness | Filter Volume
Cordierite Pt D5.66" x 6" 200 cpsi "
Cordierite Vv (D14.38 x 15.24 cm) | (31 cells/cm) 0.12" (0.3mm) 247L

Table 6.3. Properties of the diesel particulate filters used in this work.

While D5.66” (14.38 cm) x 6” (15.24 cm) filters were used in all of the accelerated ash
loading tests, larger sized filters 7.5” (19.05 cm) x 12” (30.48 cm) were used in parallel
in preliminary engine tests with the Cummins ISB. The larger filter size was required to
accommodate the full exhaust flow from the ISB while maintaining engine backpressure

within acceptable limits.

6.4 Engine Testing

Tests conducted on the Cummins ISB were used to evaluate DPF performance and
characterize the engine-out soot and ash emissions. The specific engine tests consisted of

the following:

» Studies to quantify total ash emission rates, lubricant-derived elemental emissions
rates, and ash composition and distribution in the exhaust entering the DPF.

» Calculations of total and speciated ash trapping efficiency in the full-sized DPF
for a range of engine and DPF operating conditions (loading and regeneration).

» Baseline DPF performance testing for the full-sized DPFs, consisting of soot
loading tests and measurements of PM trapping efficiency, pressure drop
response, and gaseous emissions.

» DPF performance characterization for clean and ash loaded DPFs. Targeted
experiments were conducted to investigate the effects of soot and ash loading on

filter pressure drop.
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The engine provided both a standard of comparison for the soot and ash generated by the
accelerated ash loading system, as well as the means to test the ash loaded filters using
real engine exhaust and particulate matter.  Furthermore, the engine-out ash
characterization studies provided valuable information to describe the various forms of

the ash in the exhaust, and the manner in which this ash is transported and deposited in
the DPF.

6.4.1 Particulate Matter and Ash Measurements

PM samples were collected from the Cummins ISB as well as the accelerated ash loading
system. All particulate samples were collected from the raw exhaust upstream of the
aftertreatment system. This allowed for the characterization of the particles and ash as
they exist in the raw undiluted exhaust entering the particulate filter. Bulk PM samples
were collected on 47 mm glass fiber filters and particulate emission rates were
determined gravimetrically. Following gravimetric analysis, the composition of the
particles was characterized using Horiba’s MEXA 1370 PM analyzer. The MEXA 1370
measures PM sulfate fraction (SOs), soluble organic fraction (SOF), and insoluble

fraction (SOL).

Ash content in the bulk particulate matter was determined using thermogravimetric
analysis. In order to conduct the TGA measurements, the PM samples were carefully
removed from the glass fiber filters and deposited in the TGA pan. Typical TGA sample

sizes were approximately 5 mg.

In addition to bulk PM sampling and analysis, individual particulate samples were also
collected from the raw exhaust. The particles were collected directly on 3 mm (0.12
inch) diameter grids, fixed to a sample probe and inserted through a sample port on the
exhaust system upstream and downstream of the DPF. The individual PM samples, thus

collected, were subsequently analyzed via electron microscopy.
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processing software used in this study required the use of the simple measurements
described above. Nonetheless, the measurements appear adequate for the comparative

purposes of this work.

6.4.2 Gaseous Emissions Measurements

A wide range of regulated and unregulated gaseous emissions were measured before and
after the DPF. The gaseous emissions measurements, particularly CO and HC, provide a
direct indication of catalyst effectiveness. While significant experimental efforts were
devoted to characterizing ash effects on catalyst performance, the work is outside the
scope of this thesis, and thus most of the gaseous emissions measurements are not
reported here. Of significant interest to this study are sulfur emissions, since sulfur
compounds are also present in ash deposited in the DPF. Sulfur in the exhaust can exist

in various forms including sulfur dioxide, or in the particulate matter sulfate fraction.

Sulfur dioxide was measured upstream and downstream of the DPF using an API SO,
analyzer. The sulfur dioxide measurements are useful to quantify sulfate production and
storage over the platinum catalysts, as well as DPF sulfur emissions during high
temperature regeneration (desulfation). Particle-phase sulfur emissions were measured
from the particulate samples using the Horiba MEXA 1370, and the ANTEK total sulfur
analyzer was also used to quantify total sulfur emissions before and after the DPF. Use
of these three measurement methods provided some level of redundancy helpful to

confirm the sulfur emissions measurements.

6.4.3 Full-Size DPF Testing

The full-size DPF testing on the Cummins ISB was primarily conducted to characterize
pre- and post-DPF PM and ash emissions, as well as to quantify baseline DPF
performance. The DPF system used for the full-sized filter testing consisted of two filters
in parallel, each filter having dimensions of 190.5 mm (7.5 inches) in diameter and 304.8

mm (12.0 inches) in length. With both filters installed in the exhaust system in parallel,

116



the total DPF volume was 17.4 liters. A schematic of the parallel DPF configuration is

shown in Figure 6.2.

® Emissions

@ Temperature @ @
® Pressure

-------

Figure 6.2. Parallel flow particulate filter configuration.

Pressure transducers were installed at the inlet and outlet of each DPF to allow for the
measurement of exhaust backpressure as well as pressure drop across the filter. In
addition, exhaust inlet and outlet temperatures were also measured. The locations of the

pressure, temperature, and emissions taps on the DPF are shown in Figure 6.2.

Besides the parameters mentioned above, the temperatures within various regions inside
the DPF were monitored throughout the course of this study. Seven thermocouples were
placed inside each filter at depths of 5.8 cm (2.0 inches), 15.2 cm ( 6.0 inches), and 25.4
cm (10.0 inches) from the filter inlet and exit. All thermocouples were inserted into the
DPF through the inlet and exit channels, and no modifications to the substrate were made.

Figure 6.3 depicts the locations of the thermocouples within the DPF.
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_____ (N
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Figure 6.3. Thermocouple locations within each DPF.
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The fully-instrumented DPF system is shown installed on the test bed in the photograph
in Figure A-3 of the Appendix. Trap 1 is located on the right-hand side of the picture
nearest to the exhaust system and engine, while trap 2 is located farthest to the left near

the outside of the test bed.

6.4.4 Small-Scale DPF Testing

In contrast to the full-sized on-engine DPF testing, smaller filters (D5.66” x 6, 2.47
liters) were used with the accelerated ash loading system to reduce the total ash loading
duration. The design of the accelerated ash loading system and DPF test section allows
for the same DPF to be loaded with exhaust (partial flow) from the Cummins ISB, the
accelerated loading system, or both. The system lay-out, including DPF instrumentation

was shown in Figure 5.2, and described in Chapter 5.

The pressure drop characteristics for the 2.47 L DPFs were evaluated using the flow
bench for the clean and loaded filters. Due to the small size of the filters, only the partial
exhaust flow from the Cummins ISB was utilized to load these filters with soot. Ash
loading was carried out using the accelerated ash loading system, with no supplemental
engine exhaust. The filters were also periodically removed and weighed hot to accurately
measure soot and ash levels. An Acculab VA-12KG balance used to weigh the filters.
The balance has a 12 kg maximum capacity with a 0.2 g resolution. By alternating
between the ash loading system and the Cummins ISB, the filter pressure drop response
to soot and ash loading was evaluated using the flow bench for a range of DPF space

velocities and ash and soot loading levels.

6.5 Accelerated Ash Loading

Development of the accelerated ash loading system required significant tuning and
validation efforts to accurately simulate engine-out soot and ash emissions as closely as
possible. The effect of specific acceleration techniques and oil consumption methods on
ash and soot morphology was assessed and compared to the ash and soot generated on the

Cummins ISB. Tuning of the oil consumption rate, injection method, and combustion
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air:fuel ratio allowed for reasonable simulation of the engine-out PM and ash
characteristics. The accelerated ash loading system that resulted following these

development and validation efforts was used to load the DPFs with ash.

6.5.1 System Validation: PM and Ash Emissions

Particle emissions were sampled from the Cummins ISB and accelerated ash loading
system at a number of operating conditions. PM sampled from the ISB was collected at a
low speed and load condition (1682 rpm, 25% rated load) designated A25 and
representative of DPF loading conditions, and a low speed and high load condition (1682
rpm, 75% rated load) designated A75 and representative of DPF regeneration conditions.
Particles generated by the accelerated ash loading system were collected from the diesel
burner alone, the diesel burner with 20% (vol.) oil doped in the fuel, and the diesel burner
with the same amount of oil supplied using a separate injection system. Table 6.4 shows

the experimental test matrix.

Condition Qil Temperature

[C]

Cummins 1682 rpm, 25% Load

ISB, A25 DPF Loading None 300

Cummins 1682 rpm, 75% Load

ISB, A75 DPF Regeneration None 620

Burner DPF Loading None 300

Burner + Oil .

Injection DPF Loading 20% of Fuel 300

Burner + i

Fuel Doping DPF Loading 20% of Fuel 300

Table 6.4. Experimental test matrix.

All particles were sampled at the DPF inlet, both on the engine and for the accelerated
ash loading system. The corresponding DPF inlet temperatures for each operating
condition are shown in Table 6.4. The characteristics of the particulate samples collected
from the Cummins engine and accelerated ash loading system were evaluated and
compared using the techniques described above. Following PM analysis, the particles
were subjected to TGA in which the combustible PM fraction was oxidized, leaving the

ash behind. These ash samples were further characterized using SEM.
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As evidenced in Figure 6.14 and observed in the images presented in Figure 6.12, the
agglomerates generated using both accelerated oil consumption methods, as well as the
diesel burner alone, are slightly more clustered with modified aspect ratios ranging from
1.13 to 1.16. In contrast, the modified aspect ratio computed for particles generated by
the Cummins ISB was 1.17 for both engine operating conditions. The agglomerate
measurements indicate only slight differences in particle geometries between the engine

and accelerated ash loading system.

The ash samples obtained from the accelerated loading system following the TGA
analysis were compared with ash from field-aged DPFs. Due to differences in
temperature histories, flow conditions, and specific lubricant composition between the
ash generated by the accelerated loading system and the ash generated in the field, the
results provide only a qualitative comparison of the most significant differences between

the two cases.

Inspection of a cross section taken from the rear of the field-aged DPF provides some
insight into the manner in which soot and ash are deposited along the channel walls over
time. Figure 6.15 depicts two regions on the same cross section, one with little ash
accumulation, shown in Figure 6.15(a), and the other with a significant amount of ash
accumulation, shown in Figure 6.15(b). From the images it is clear that the ash and soot
initially accumulate together, i.e. the ash and soot particles are fairly well mixed.
However, it appears that over successive regeneration cycles, the ash slowly begins to

agglomerate and separate itself from the soot, as shown in Figure 6.15(b).

It is interesting to note that the ash does not immediately settle down to coat the channel
walls but rather appears to stick to itself, as opposed to the surrounding cordierite. This
same phenomenon was observed in the ash generated by injecting oil directly into the
combustion chamber of the accelerated ash loading system, shown in Figure 6.10. While
this is one possible explanation for the observed distribution of ash and soot along the
channels of the DPF, ash migration and the potential for incomplete regenerations in the

field-aged DPF may also influence the ash/soot distribution. As the channels begin to
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consumption [86], 40 mi/hr average speed, and a full sized particulate filter volume of 12
liters. In some cases different levels of ash loading were desired, with correspondingly

different on-road equivalent miles/hours.

All of the DPF ash loading was carried out on the accelerated ash loading system. The
system was used for both continuous and periodic DPF regeneration. Figures 6.26 and
6.27 present typical DPF inlet temperature and pressure drop profiles over the duration of

the accelerated ash loading cycle for a DPF undergoing periodic regeneration.
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Figure 6.26. Typical DPF inlet temperature profiles for periodic loading and

regeneration cycles.
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Figure 6.27. Typical DPF pressure drop trends for periodic loading and

regeneration cycles.
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As shown in Figure 6.26, DPF inlet temperatures during the loading portion of the cycle
range from 200 °C to 250°C, with inlet temperatures during regeneration around 600 °C.
Figure 6.27 shows a gradual increase in pressure drop over the course of the ash loading
cycle due to ash accumulation in the DPF. It is also interesting to note the sharp increase

in pressure drop over the first several hours of the test, indicative of ash depth filtration.

Ash loading tests under continuously regenerating conditions were also carried out. In
these tests the DPF inlet temperature was maintained between 620 °C and 650 °C for the

duration of the test cycle.

6.5.5 DPF Performance Evaluation and Test Procedure

The test procedure was designed to minimize test variability and allow for careful control
and monitoring of ash composition and exhaust conditions. ~ All DPF performance
evaluation was conducted using either the Cummins ISB or the flow bench. The
accelerated ash loading system was only used to load the particulate filters with ash. Due
to the small filter volume, only a portion of the exhaust from the Cummins engine was

diverted to flow through the DPF when the engine was used.

Initially all of the DPFs were subjected to a degreening cycle using the burner with no oil
injection to expose the filters to a series of high temperature cycles. Supplementary
exhaust from the Cummins ISB was also used to load the filter with soot. Following
complete DPF regeneration using the burner, the filter was weighed hot to determine its
clean weight. The balance used to weigh the DPF has a 12 kg maximum capacity with
0.2 g resolution. All DPF ash and soot loading reported in this paper was determined by
weighing the DPF hot to eliminate error due to condensed water in the filter. DPF

internal temperatures at the time of weighing were around 200 °C.
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Following filter degreening, the basic test procedure is as follows:

1. Performance characterization using the Cummins ISB for soot loading to 6 g/l.
Monitor gaseous emissions conversion (CO, HC, NO) and pressure drop. Soot
loading determined gravimetrically by weighing the filter hot.

2. Flow bench tests to measure pressure drop over a range of space velocities at
various stage of DPF soot loading.

3. Balance point / light off test using diesel burner with no oil injection. Complete
filter regeneration, verified by weighing the filter hot.

4. Ash loading using the accelerated loading system with either periodic or
continuous DPF regeneration. Monitor exhaust flow, pressure drop, and
emissions. Ash loading determined gravimetrically by weighing the filter hot.

5. Flow bench tests to measure pressure drop over a range of space velocities at

various stage of DPF ash loading.

The test procedure described above was repeated a number of times (steps 1-5) with each
filter and oil to evaluate the effect of ash and soot loading on DPF pressure drop for
various soot and ash levels. Unless otherwise noted, all of the pressure drop data
presented in this thesis for the accelerated ash loading tests was acquired from the flow
bench measurements using air at ambient conditions. Use of the flow bench provided
more repeatable flow conditions for each test. While catalyst performance was also
evaluated, a detailed discussion of the catalyst effects is beyond the scope of this work.
Following ash loading and performance evaluation, all of the filters were subjected to a

detailed post-mortem analysis.

6.6 DPF Post-Mortem Analysis

The post-mortem analysis allowed for the measurement and characterization of ash
morphology, properties, and distribution in the DPF channels. Both the laboratory- and
field-aged filters were subjected to the post-mortem analysis. The results of the analysis

provide valuable information to correlate lubricant chemistry, exhaust conditions, and
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filter thermal history to the measure ash properties. These ash properties ultimately

control the magnitude of the ash effect on filter pressure drop.

6.6.1 Field-Aged Filters

A number of field-aged DPFs were subject to the post-mortem analysis to provide a
benchmark for comparison with the results obtained in the laboratory. All of the field-
aged filters were installed on medium- and heavy-duty trucks and used CJ-4 oils. The

filter details and specifications are as follows:

* Field DPF 1 - Robust cordierite, asymmetric cells

- Mileage: 185,656 miles with 6 inch ash plug from rear
* Field DPF 2 — Robust cordierite, asymmetric cells

- Mileage: 185,886 miles with 6.5 inch ash plug from rear
* Field DPF 3 - Robust cordierite

Both field-aged DPFs (1 and 2) experienced slightly more over 180,000 miles of on-road
use, which is the same mileage exposure the accelerated ash loading system is designed
to simulate. These two filters serve as an ideal standard for comparison with the filters
loaded with ash in the laboratory. Unfortunately, less information is known about the
third field-aged DPF, however the ash morphological information was useful,

nonetheless.

6.6.2 Laboratory-Aged Filters

All of the filters loaded with ash in the laboratory were subjected to the post-mortem
analysis. Table 6.5 presents the various filters, lubricants, and loading conditions, along

with the estimated on-road equivalent aging.
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Similar to the determination of the ash distribution profiles, the packing density
measurements obtained as a result of this procedure were utilized to reconstruct the ash

packing density profiles for the entire DPF.

The ash removed from the filter samples as part of the packing density measurement
procedure was collected and subjected to analysis via XRD and ICP. While ICP only
provides information related to ash elemental composition, it was extremely valuable in
comparing ash composition (elemental ratios) for the ash samples obtained from the field,
and the ash generated in the laboratory. XRD was used to identify the specific form of
the ash compounds. This information was used to compute ash porosity based on the

theoretical densities for the ash compounds and the measured ash packing density as:

gzl_m (6.3)

p Theoretical

It should be noted that the primary ash particles comprising the structures and
agglomerates deposited in the DPF may themselves be porous or hollow, giving rise to
fairly high computed porosity values. While physically correct, the high porosity values
do not accurately reflect the ash layer geometry experienced by the gas flows through that
layer. Accurate determination of ash porosity for use in the DPF pressure drop
calculations is difficult without a detailed knowledge of the primary particle morphology
and structure. In general, the porosity value determined in Equation 6.3 should be
corrected to account for porous and/or hollow ash particle structures before being applied

to compute ash layer permeability for purposes of pressure drop calculations.

Lastly, select DPF core samples were also subjected to the microscopy investigation
using SEM — EDX. SEM images are useful to understand the manner in which the ash is
distributed in the DPF pores, as well as the structure of the cake layer. Further, ash
particle size, pore geometries, and related morphological information are also provided

by the SEM images, however extracting quantitative data from the images is often quite
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challenging. EDX provides additional capabilities to measure elemental composition and

elemental distribution at the microscopic level.

The post-mortem analysis conducted following DPF ash loading and performance
evaluation provided a host of information describing ash distribution within the DPF, in
addition to quantifying key ash properties. This information, among the first of its kind,
is useful to correlate specific lubricant chemistries and exhaust conditions to the observed
ash properties, and enhance understanding of the underlying mechanisms controlling the

manner in which ash accumulation affects DPF pressure drop.
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7.4  Ash Elemental Emissions and Trapping Rates

Measurements and analysis of the soot emissions at the DPF inlet and outlet allowed for
determination of the speciated and elemental DPF trapping efficiencies. Specifically,
analysis of the soot samples using the Horiba Mexa 1370 and analytical chemistry
techniques allowed for determination of the amounts of insoluble materials, soluble
organics, and sulfates trapped in the DPF. Figure 7.16 shows the measured pre- and post-
DPF emission rates of insoluble (primarily carbonaceous and ash) material. Both the
catalyzed and un-catalyzed DPFs averaged a 99% trapping efficiency for the insoluble

fraction over both the steady-state loading and regeneration cycles.
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Figure 7.16. Pre- and post-DPF emissions of insoluble PM fraction measured

during DPF loading and regeneration cycles.

The speciated emission rates computed for the soluble organic fraction are shown in
Figure 7.17. The speciated trapping efficiency for the soluble organic fraction averaged
95% for the un-catalyzed DPFs over both the loading and regeneration cycles. The
trapping efficiency for the SOF over the catalyzed DPFs averaged approximately 85%

during the steady-state loading cycle and 97% during the regeneration cycle.
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physical and chemical characteristics of the material being trapped. In the case of the un-
catalyzed DPFs, the significant differences in the trapping efficiencies for the sulfates are
attributed to differences in the physical trapping mechanisms. The majority of the sulfate
PM exists in either liquid/vapor form and may, thus, pass through the DPF more easily

than the insoluble fraction that exists primarily in the solid phase.

The explanation for the differences in trapping efficiencies for the sulfate fraction
observed with the catalyzed DPFs is complicated by the potential interactions of the
sulfur species in the exhaust with the platinum catalyst. The observed reduction in SO
emissions and strong affinity of the sulfur species to the Pt catalyst may lead to the
conversion of gaseous SO; to particle-phase sulfates within the DPF, which may
contribute to the elevated post-DPF sulfate emission rates measured during the steady-
state loading cycle. On the other hand, during the high temperature regeneration cycle,
the amount of sulfates entering the DPF increased significantly, while sulfate emission
rates from the DPF remained virtually unchanged, thus leading to the increase in

observed trapping efficiency.

In addition to determining the speciated PM trapping rates, the lubricant-derived
elemental emissions were also measured upstream and downstream of the DPF. The
levels of trace elements in the bulk particulate matter samples were determined using ICP
analysis. The entire filter, along with the accumulated soot, was subjected to an acid and
microwave digestion technique, prior to analysis via ICP. Clean filter samples, were
processed in the same manner, to account for the presence of any trace elements on the
filters themselves, which may affect the results. Similar measurements were repeated
using neutron activation analysis. As the NAA experiments focused primarily on
elemental emission rates of biodiesel fuels, the detailed results are not presented here. In

general the NAA measurements with ULSD were in good agreement with the ICP data.

Figure 7.19 presents the measured elemental emission rates for lubricant- and fuel-

derived trace elements entering the DPF, and Figure 7.20 shows a direct comparison of
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and are shown in Figure 7.19. With a conventional ultra-low sulfur diesel fuel, a

significant amount of the fuel sulfur is emitted as sulfur dioxide as well.

The elemental trapping efficiencies were computed based on the pre- and post-DPF
elemental emissions measurements shown in Figure 7.20. The trapping efficiencies are
shown in Table 7.1 below. In general, nearly all of the trace metals (Ca, Zn, Mg) were
trapped in the DPF at a high rate, in excess of 98%. The trapping efficiencies for sulfur

and phosphorous compounds were slightly lower and ranged from 65% to 85%

respectively.
Ca Fe Mg P S Zn
Trapping | g9 90, | 92.4% | 98.0% | 85.1% | 64.9% | 99.7%
Efficiency

Table 7.1. Lubricant elemental DPF trapping efficiencies measured at 1682 rpm
and 25% rated load.

The reduction in sulfur trapping efficiency can be attributed to the different phases of the
sulfur species in the exhaust (primarily gaseous and liquid phase) which may pass
through the DPF. Sulfate particles generally contribute to PM primary particle emissions
and exist in the liquid phase in the exhaust. Additionally, sulfate production over the
DPF catalyst can also contribute to post-DPF particle-phase sulfur emissions,
complicating the trapping efficiency measurements. The slight reduction in trapping
efficiency for phosphorous may also be due to certain phosphorous species passing

through the DPF, however at 85% the phosphorus trapping efficiency is still quite high.

7.5 Exhaust Ash Transport Theory

The experimental observations of exhaust ash characteristics, morphology, and
composition provide considerable insight into ash transport through the exhaust system
and deposition in the DPF. The results of the TGA measurements have shown ash to
comprise only 0.5% to 1% of the total particulate matter emissions from a modern diesel

engine. Additionally, the microscopy studies provide evidence to indicate that lubricant-
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leaving the ash behind. Further, the sub-micron sized ash primary particles sinter and
agglomerate to form the micron-sized ash deposits commonly found in DPFs following
extended aging and ash accumulation. Since the ash comprises less than 1% of the total
particulate matter, soot oxidation during filter regeneration leaves behind an extremely
porous and mechanically unstable ash structure. Over time these structures grow with
additional ash accumulation in the DPF to form an ash layer along the filter walls.
Depending on the shear stress imposed by the exhaust flow through the channels and the
local critical shear stress of the ash deposits, the ash may become re-entrained in the gas
flow and deposited elsewhere in the DPF. The ash accumulation and transport theory
proposed above, is revisited in Chapter 8, following a review of the DPF post-mortem

analysis and experimentally determined ash properties and distribution profiles.
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profiles for a DPF containing 42 g/l ash, 60% of the ash layer thickness along the channel
walls is established during the first 30% of ash loading on a mass basis. Following this
initial loading phase, proportionally more ash is accumulated in the ash plug, than is
deposited on the channel walls. The ash distribution in the DPF is a dynamic process
which varies with time and the amount of ash accumulated in the filter. The channel
open area profiles corresponding to the ash layer thickness measurements are shown in

Figure 8.12.
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Figure 8.11. Comparison of ash layer thickness profiles along the filter centerline
for DPFs containing 12.5 g/l ash and 42 g/l ash generated in the laboratory using

CJ-4 oil and periodic regeneration.
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Figure 8.12. Comparison of channel open area profiles along the filter centerline for
DPFs containing 12.5 g/l ash and 42 g/l ash generated in the laboratory using CJ-4

oil and periodic regeneration.
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The ash plug packing density measurements show a distinct density gradient within the
ash plug. Ash accumulated in the plug near the channel walls appears more densely
packed than the ash found in the center of the plug. The density gradient appears most
pronounced for the ash plugs formed near the DPF centerline, and less so for the ash
plugs accumulated near the DPF periphery. The far radial locations (-32mm L and -32

mm R) do not show the same trends in density gradient, however.

The apparent density gradient measured in the ash plugs is consistent with the previous
observations and ash profile measurements, showing the ash initially accumulating as a
layer along the filter walls. Exhaust flow through these porous layers affects the
characteristics and packing densities of these layers. As the average ash layer thickness
along the DPF channels increases, and the shear stress imposed by the exhaust flow
exceeds the critical shear stress of the ash deposits residing near the surface of the ash
layer, ash particles are re-entrained in the flow. These particles are transported to the
back of the DPF where they accumulate on top of the already formed ash layers in the
center of the ash plug. The material accumulated near the center of the ash plug
experiences little to no exhaust flow, thereby resulting in a less densely packed deposit,

as observed by the density gradients in Figure 8.17.

8.3.4 Ash Packing Density and Porosity

The ash distribution measurements, described above, provide information related to the
DPF volume occupied by the ash deposits. The same measurements were combined with
weight data from the individual ash samples before and after ash removal, to compute the
packing density of the ash accumulated in the DPF channels. Figure 8.18 presents the
packing density profile along the length of the filter for the DPF loaded to 42 g/l ash with

CJ-4 oil and periodic regeneration.
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Figure 8.18. Ash packing density profiles for a DPF containing 42 g/l ash generated

in the laboratory using CJ-4 oil and undergoing periodic regeneration.

Due to the size of the DPF samples, there was some difficulty in determining the exact
beginning of the ash plug, as well as the ash layer profile in the channels close to the ash
plug. Therefore, the packing density measurements corresponding to the sample at 133
mm from the front of the filter are believed to be more representative of the true packing
density in this region of the filter, as opposed to the measurements at 80 mm to 90 mm
from the front face of the DPF. Similarly, ash layer thickness measurements at the face
of the filter were complicated by the very small amount of ash present at the filter face.
For this reason, the ash packing density measurements for the ash layer 57 mm from the
face of the DPF are expected to be more accurate than the measurements taken at 20 mm

from the DPF inlet face.

Similar ash packing density profiles are shown for the DPF containing 12.5 g/l ash in
Figure 8.19. The ash packing density profiles for the DPF containing 12.5 g/l ash
appeared fairly constant along the length of the filter. In contrast, a large difference in
ash packing densities between the front and back of the DPF loaded to 42 g/ ash was

observed, as shown in Figure 8.18.
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The micrographs in Figure 8.23 show ash particle structures on the order of 10 pum
deposited on the filter surface. It is expected that pieces of these structures eventually
break off due to the shear stress imposed by the exhaust flow, and are then transported to
the back of the DPF. Figure 8.24 presents additional images showing the ash layer, at
various stages of ash loading, covering the filter surface. The highly-porous and irregular

shape of the ash structures is clearly visible in the top two images.

8.4 Measured and Computed Ash Properties

A summary of the measured ash properties from the post-mortem analysis is presented in
Table 8.1 below. Based on the measured ash packing density values and ash composition
determined via XRD, the ash porosity for the DPF containing 12.5 g/l ash was 94.6% and
the ash layer in the DFP containing 42 g/l ash was 91.1% porous. These measured ash
properties provide additional evidence of some ash settling or compaction during filter

loading following repeated thermal cycling.

Ash Layer| Wall Plug | Theoretical Ash

Lubricant | Regeneration| ~ Ash Thickness| Density | Density | Density Porosity

[oM [cm) lgfem®] | [g/em® | [glem?] [%]
CJ-4 Periodic 42.0 0.013 0.30 0.17 34 91.1
CJ-4 Periodic 125 0.007 0.18 0.00 34 946

Table 8.1. Summary of measured ash properties for ash generated using CJ-4 oil

and periodic regeneration.

Table 8.2 provides additional parameters related to the changes in DPF geometry
computed from the ash distribution measurements and properties listed in Table 8.1
above. At an ash load of 42 g/l, the DPF channel area is reduced almost 48% and the
length is reduced by slightly more than 40%. Furthermore, over 75% of the ash was
found to be accumulated in the channel end-plugs, by volume. On the other hand, the
DPF containing only 12.5 g/l ash, showed almost no ash accumulated in the channel end-

plugs with a much smaller reduction in channel area and length due to ash accumulation.
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Following the general form of Darcy’s law describing flow through porous media
(Equation 3.23), the slope of the pressure drop curve in Figure 8.26 is directly
proportional to the quantity (w/k). This term is related to the flow resistance of the
porous media (layer thickness divided by permeability), as all of the test were carried out
on the same filter substrate at the same temperature and gas viscosity using the flow

bench with air at ambient conditions.

The average ash wall layer thickness measured as part of the post mortem analysis for the
DPF containing 12.5 g/l ash was 0.07 mm, whereas the average ash wall layer thickness
for the DPF containing 42 g/l ash was 0.13 mm. The ash layer in the DPF containing 42
g/l ash was, therefore, approximately 1.8 times thicker than the ash layer in the DPF
containing 12.5 g/l ash. The slopes of the pressure drop curves, representative of the flow
resistance through the ash layer and DPF substrate are also shown in Figure 8.26. The
slope of the pressure drop curve for the DPF containing 42 g/l ash is approximately 1.5
times greater than the of pressure drop slope for the DPF containing 12.5 g/l ash. The
fact that the ratio of ash layer thicknesses and pressure drop slopes for the two cases are
nearly the same indicates the difference in ash layer thickness is primarily responsible for
the increase in pressure drop observed in the DPF containing 42 g/l ash relative to the

filter containing only 12.5 g/l ash.

The slight difference in the ash layer thickness and flow resistance ratios may be
attributed to the fact that average ash layer thickness and flow velocity values were used
in the calculations. Additionally, slight differences in the ash layer permeabilities may
also account for the differences in the layer thickness and flow resistance ratios noted
above. This may be due to changes in the ash layer porosity and/or mean pore size as ash
accumulates in the cake layer. Further, differences in filter wall velocities and thermal
histories for the DPFs loaded to 12.5 g/l and 42 g/I ash over the ash loading cycle may

also affect the resulting ash layer permeability.
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the same mass loading. The increase in pressure drop associated with the cake layer
build-up is also larger in the soot-loaded filter. On average, soot accumulation in the
DPF leads to an increase in filter pressure drop two to four times greater than ash, for the
same filter mass loading. Accurate understanding of key soot and ash properties is

critical to explaining these differences.

8.7 Combined Ash and Soot Effects on Pressure Drop

In real on-engine applications, both soot and ash accumulate in the particulate filter.
DPFs containing known levels of ash were also loaded with soot using the Cummins ISB,

allowing for the evaluation of the combined effects of soot and ash on DPF performance.

8.7.1 DPF Pressure Drop Regimes

Figure 8.28 presents a summary of ash and soot effects on pressure drop as a function of
soot accumulation for various levels of ash loading. The pressure drop profile for a DPF
with no ash accumulation is provided for comparison. In all cases, DPFs containing ash
show higher levels of pressure drop with no soot accumulation relative to the clean case.
This initial increase in filter pressure drop with no soot, is due to the ash deposits alone.
Further, the presence of the ash layer along the channel walls provides a physical barrier

preventing depth filtration of the soot.

Soot depth filtration is clearly visible in the filter with no ash, characterized by the steep
pressure rise during the initial soot loading period. On the other hand, the ash pre-loaded
filters do not exhibit the characteristic rapid increase in pressure drop associated with
soot depth filtration, during the initial soot loading phase. For all of the ash pre-loaded
filters (12.5 g/l to 42 g/l) the soot begins to accumulate on the ash cake layer
immediately, building a second soot cake layer, and does not accumulate in the filter

pores.
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Figure 8.28. Pressure drop as a function of soot accumulation on a Pt-catalyzed
DPF at various stages of ash loading measured at 20,000 hr' space velocity with CJ-

4 oil and periodic regeneration.

For a given soot load, DPFs with low ash loads (below 12.5 g/l) exhibit a reduction in
pressure drop relative to the filter with no ash, as shown in Figure 8.28. These low ash
loads may actually provide a benefit to filter performance. Similar results have been
reported in computational studies [59]. Additionally, ash and soot accumulation in the
DPF show two effects on filter pressure drop: (1) low pressure drop sensitivity to soot
loads below 3 g/l soot, and (2) increased pressure drop sensitivity to soot loads above 3
g/l. Interestingly, even for a DPF with soot loads in the range of 0.5 g/l to 1.5 g/l there is
almost no difference in pressure drop between the filter with 33 g/l ash and no ash. The
following analysis attempts to explore these differences in pressure drop sensitivity in

more detail.

Figures 8.29 and 8.30 show pressure drop trends as a function of DPF soot load for DPFs
with and without ash. In both cases, two distinct pressure drop regimes are observed and
labeled (I) and (II). The presence of two similar pressure drop regimes has also been
observed from data published in the literature and plotted in a similar fashion [23]. These

results are included in Figure A-6 of the Appendix.
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The reader will note that the two pressure drop regimes for the filters with and without
ash overlap. It is thus possible to define three pressure drop regimes when comparing the
pressure drop response of the ash loaded DPFs to that of the filters with no ash, as a

function of soot load. The three pressure drop regimes are defined as follows:

* Response to soot loading up to 0.4 g/l
* Response to soot loading from 0.4 to 2.6 g/l

* Response to soot loading in excess of 2.6 g/l

Figure A-7 of the Appendix clearly depicts the pressure drop regimes described above.
Further, the DPF pressure drop response as a function of soot load can be described by a
simple linear fit for each pressure drop regime defined in Figures 8.29 and 8.30. The

linear regression is also shown in Figure A-7.

8.7.2 Pressure Drop Sensitivity

The slopes of the pressure drop curves define the sensitivity of the pressure drop
measurement to additional soot accumulation in the DPF. In this manner, the relative

pressure drop sensitivity (RPS) is defined as:

q :[aAPj _(EAJL] 8.1)
GPM Ash,i oPM Clean,i

which is simply the slope of the pressure drop curve for the ash loaded DPF divided by
the slope of the pressure drop curve for the DPF with no ash (clean) as a function of soot
load. Here AP is the pressure drop, PM is the soot load, and i defines the pressure drop
regime. An RPS value of unity indicates no change from the performance of the filter
with no ash, whereas values greater than one indicate an increase in pressure drop
sensitivity and values less than one indicate a decrease. The relative pressure drop
sensitivity is plotted as a function of ash load for each of the three soot loading regimes

and is shown in Figure 8.31.
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Figure 8.31. Pressure drop sensitivity to soot accumulation as a function of DPF ash

load for periodically regenerated DPFs using CJ-4 oils.

From Figure 8.31 it is clear that increasing ash levels in the DPF increase the pressure
drop sensitivity to additional soot accumulation quite significantly, relative to the filter
with no ash, for soot loads greater than 2.6 g/l. Conversely, ash loaded filters with low
soot loads (below 0.4 g/l) show a large decrease in pressure drop sensitivity to
incremental soot accumulation. Further, the decrease in pressure drop sensitivity is most
pronounced at low ash loads, and increases slightly for elevated ash loads above 12.5 g/l
ash. Although the pressure drop sensitivity for soot loads above 2.6 g/l in the DPF
containing only 12.5 g/l ash is slightly greater than one, the total filter pressure drop was

still lower compared to a DPF with no ash, at this particular level of ash loading.

Separately, the effects of soot and ash accumulation on DPF pressure drop follow
predictable and well-behaved trends. However, the combined effect of soot and ash on
filter pressure drop significantly alters the pressure drop response of the DPF to
additional material (soot and ash) accumulation. The large differences in pressure drop
sensitivity shown in Figure 8.31 present a significant challenge to DPF regeneration

control schemes based on filter pressure drop.
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In order to explore the observed changes in DPF pressure drop sensitivity in more detail,
the experiments were repeated with a clean DPF, with much higher levels of soot loading
than those shown in Figure 8.30. The pressure drop trends for the clean DPF (no ash) as

a function of soot load are shown in Figure 8.32.

m No Ash | O No Ash lI
12 Linear (No Ash I) —— Linear (No Ash Il)
10 y =0.78x+ 1.28

Pressure Drop [kPa]

12

Cummumlative PM Load [g/]]

Figure 8.32. Pressure drop as a function of soot load for a DPF containing no ash.

Following initial soot depth filtration, pressure drop measured over the soot loaded DPF
remained fairly linear, even for high levels of soot loading, up to 10 g/l. These results
indicate that for a DPF containing no ash, even with high soot levels, no change in
pressure drop sensitivity is observed. Further, ash accumulated in the DPF reduces the
effective filter volume, resulting in higher local soot loads in the regions of the DPF not
blocked by the ash and encountered by the exhaust flows. In essence, the ash reduces the
DPF size, and this size reduction must be accounted for when comparing DPF pressure

drop measurements for DPFs containing different levels of ash.

Figure 8.33 presents a subset of the pressure drop data shown in Figure 8.28, however the
specific soot load (mass per DPF volume) has been adjusted, based on the results of the
post-mortem analysis, to account for the DPF volume reduction due to ash accumulation.
Comparing DPF pressure drop measurements relative to the actual available DPF

volume, shifts the curves and reduces the apparent increase in pressure drop sensitivity.
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The calcium-based ash also seemed to form the “stickiest” deposits. While the CJ-4 and
zinc-based ash deposited in plugs toward the back of the channels could easily be tapped
out of the DPF, the calcium-based ash could not. In general, the deposits formed by the
oil containing only the calcium detergent were the most difficult to remove from the filter

samples.

9.2.1 Ash Accumulation and Distribution

The measured ash layer thickness along the DPF centerline is shown in Figure 9.7 for all
three of the lubricant formulations tested. The ash layer thickness along the length of the
channels varied little between the three cases and ranged from 0.15 mm for the zinc-
based ash to 0.18 mm for the calcium-based ash. Due to the low axial resolution of the
measurement technique (dependent upon the DPF sample size) the ash layer profiles near

the start of the end-plug are not well known.
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Figure 9.7. Ash layer thickness profiles measured along DPF centerline for DPFs
containing ash generated from a fully formulated CJ-4 oil, base oil + Ca detergent,

and base oil + ZDDP.

The reader is cautioned when comparing the ash distribution profiles for the CJ-4 ash
with the calcium and zinc ash, as the CJ-4 ash-loaded DPF contained 42 g/l ash, whereas
the other two filters only contained 28 g/l to 29 g/l ash. Based on this comparison,

however, little difference in total ash layer thickness is observed for the three lubricants.
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Furthermore, only a small amount of ash was found accumulated in the plugs at the back
of the filter for the calcium and zinc cases. Figure 9.8 presents similar ash distribution
profiles measured in the radial direction, 36 mm from the DPF centerline for the three

cascs.

—0—~Ca 29 g/l ~—~2Zn28 gl —a—CJ-4 42 g/l
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Figure 9.8. Ash layer thickness profiles measured 36mm from DPF centerline for
DPFs containing ash generated from a fully formulated CJ-4 oil, base oil + Ca
detergent, and base oil + ZDDP.

Figures 9.9 and 9.10 show the full ash distribution profiles for three different radial
locations with the zinc- and calcium-based ash, respectively. Ash plug formation was
clearly more pronounced in the filter loaded with the oil containing only the calcium
detergent. This same filter shows the ash cake layer accumulated along the wall is
slightly thicker and more uniform as compared to the ash composed primarily of zinc
compounds.  As shown in Figure 9.10, the ash layer thickness appears to build-up quite
rapidly from the inlet face of the filter (within approximately 15 mm). Due to the larger
size of the ash samples in Figure 9.9, the same level of axial resolution was not available
for the zinc ash measurements. In both cases however, the ash layer was thickest along
the DPF centerline, and the thickness decreased in the radial direction away from the
center of the filter. Similarly, the ash end-plugs were also slightly longer in the DPF

center.
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9.2.2 Ash Packing Density and Porosity

Ash packing density measurements were also carried out using the measured ash
distribution profiles and known weight of the ash deposits in the filter. The ash packing
density profiles for the zinc ash are shown in Figure 9.13, whereas Figure 9.14 shows the
ash packing density profiles for the calcium ash. In general, ash packing density in these
two filters varied little in the axial direction along the length of the channels. A slight
decrease in packing density is observed for the ash accumulated in the plugs at the back

of the channel.
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Figure 9.13. Radial ash packing density profiles for a DPF containing 28 g/l ash

generated using a base oil containing only ZDDP and periodic regeneration.
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Figure 9.14. Radial ash packing density profiles for a DPF containing 29 g/l ash
generated using a base oil containing only a calcium detergent and periodic

regeneration.
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9.3 Measured and Computed Ash Properties

A summary of the measured ash properties from the post-mortem analysis is presented in
Table 9.1 below. Based on the measured ash packing density values and ash composition
determined via XRD, the ash porosities ranged from 91% to 95%, with the calcium-based
ash being the least porous. In general, the properties of the CJ-4 ash and calcium-based
ash were quite similar, providing further evidence that calcium-based additives exert the

greatest influence on controlling ash properties and the resulting pressure drop measured

with fully-formulated CJ-4 oils.

. ) Ash Layer| Wall Plug | Theoretical Ash
Lubricant | Regeneration Ash Thickness | Density | Density Density Porosity

[g/ [em] | (g/em’] | (gfem’] | [glem’] [%]

Base + Zn |Periodic 28.0 0.013 0.19 0.17 3.9 95.1

Base + Ca |Periodic 29.0 0.015 0.27 0.20 3.0 90.9

CJ-4 Periodic 42.0 0.013 0.30 0.17 34 91.1

Table 9.1. Summary of measured ash properties for ash generated using the CJ-4

oil and specially formulated oils with periodic regeneration.

Table 9.2 provides additional parameters related to the changes in DPF geometries

computed from the ash distribution measurements and properties listed in Table 9.1.

Channel Changein | Changein |Change in Aslglfgnd
Lubricant | Regeneration Ash Filtration Filtration ArealFrontal Area] Length Volume
Area .
Fraction
[g/1] [cm?] [%] [%] [%] [%]
Base + Zn |Periodic 28.0 52 -41.9% -36.0% -12.6% 18.9%
Base + Ca |Periodic 28.0 5.6 -37.3% -40.2% -22.0% 39.3%
CJ-4 Periodic 42.0 4.7 -47 9% -27.0% -40.5% 76.3%

Table 9.2. Summary of calculated ash effects on filter geometry for ash generated

using the CJ-4 oil and specially formulated oils with periodic regeneration.
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The ash distribution measurements obtained from the post-mortem filter analysis were
also used to compute the average filter wall velocity, which is dependent on the exhaust
gas flow rate and available filtration area. The determination of pressure drop due to the
flow through the ash layer and substrate (porous media) was described in Section 8.5.
Plotting the porous media pressure drop as a function of wall velocity, therefore, accounts
for the changes in DPF channel geometry due to ash accumulation. Further, the slopes of
the pressure drop curves in Figure 9.19 are directly proportional to the quantity (w/k).
This term is related to the flow resistance of the porous media (layer thickness divided by
permeability), as all of the test were carried out on the same filter substrate at the same

temperature and gas viscosity using the flow bench with air at ambient conditions.

The average ash wall layer thicknesses measured as part of the post mortem analysis for
the DPFs containing ash resulting from the three different lubricant formulations were
listed in Table 9.1. All of the DPFs exhibited ash layers with similar thicknesses,
between 0.13 and 0.15 mm. Due to the large difference in pressure drop slopes for these
three cases, shown in Figure 9.19, the ash layer permeabilities must be quite different as
well. Relative to the ash generated from the CJ-4 oil, the ratio of the flow resistance
terms (w/k) for the DPF containing primarily calcium-based ash is 0.8, whereas the ratio

of the flow resistance term for the DPF containing primarily zinc-based ash is 2.7.

The data indicates the ash generated using the base oil containing only ZDDP must be
significantly more permeable than the ash generated from the CJ-4 oil or the base oil
containing only the calcium detergent. Furthermore, the permeabilities of the ash
resulting from the CJ-4 oil and base oil containing only calcium detergents must be quite
similar. Ash resulting from calcium-based additives may exert a much larger effect on
DPF pressure drop than ash resulting from zinc-based additives and may play a dominant
role in influencing total DPF pressure drop when fully-formulated CJ-4 oils are used.
The large differences in the measured pressure drop trends, shown in Figure 9.19, are
also supported by the observed differences in measured packing density and porosity for

ash generated by the three oils, presented in Table 9.1. The results of the modeling
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were observed for each of the filters, and they are clearly labeled and shown in Figure
9.21.
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Figure 9.21. Definition of pressure drop regimes (I) and (II) observed with soot

accumulation on ash loaded DPFs at 20,000 hr' space velocity.

Similar to the approach employed in Chapter 8, the pressure drop response within each
regime was characterized by a simple linear regression. The slope of the pressure drop
curves within each regime represents the pressure drop sensitivity to additional soot
accumulation in the DPF, and can be used to compute the relative pressure sensitivity for
each filter as defined in Equation 8.1. While the DPF exposed to the calcium-based
lubricant exhibited the greatest increase in pressure drop due to the ash accumulation
alone, the DPF loaded with the CJ-4 oil exhibited the greatest increase in pressure drop
when both ash and soot were accumulated in the filter, as shown in Figure 9.21. It should
be noted however, that the DPF loaded with the CJ-4 oil contained approximately 4g/1

more ash than the filter loaded with the calcium-based ash.

Figure 9.22 presents a comparison of the relative pressure drop sensitivities within each
pressure drop regime for the three lubricant formulations. While the actual pressure drop

curves do not physically contain separate discrete pressure drop regimes, defining the

216






(This page intentionally left blank)

218



10 EXHAUST CONDITIONAL EFFECTS ON DPF
PRESSURE DROP

In addition to investigating the effects of lubricant additive chemistry on ash
characteristics and DPF pressure drop, the role of exhaust conditions such as temperature,
flow, and the filter thermal history in controlling ash properties and pressure drop was
investigated as well. Two primary DPF operating regimes were employed in these
investigations: (1) periodic DPF regeneration with soot and ash loading at a filter inlet
temperature of 250 °C followed by periodic high temperature regeneration at 600 °C, and
(2) continuous filter regeneration with DPF inlet temperatures maintained above 600 °C
for the duration of the ash loading procedure. All of the experimental results reported in
this section were carried out using the same CJ-4 oils and DPF substrates, and only

varying exhaust conditions.

10.1 Ash Accumulation and Impact Over Service Life

Figure 10.1 shows the effect of ash generated via periodic and continuous regeneration on
DPF pressure drop. Despite a slightly lower level of accumulated ash, the DPF in which
ash was accumulated via continuous regeneration showed a greater increase in pressure
drop as compared to the periodically regenerated case. Pressure drop over the clean

filters was nearly the same, as shown in Figure 10.1.

It is hypothesized that ash accumulated in DPFs undergoing periodic regeneration forms
a thin layer along the channel walls, with significant accumulation in plugs toward the
back of the channels. On the other hand, continuously regenerated filters tend to show
fairly even distribution of the ash along the channel walls with little plug formation [45].
Images illustrating the differences in ash distribution profiles for periodically and
continuously regenerated DPFs were presented in Figure 2.5. These differences in ash
distribution may be responsible for the observed differences in the pressure drop trends.
The post-mortem analysis conducted following filter ash loading and testing provides

additional details regarding ash properties and distribution.
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to the constant ash layer thickness observed in the post-mortem analysis. Furthermore,
the low exhaust gas velocities near the back of the filter in the region of the ash plug
result in a reduction in ash packing density in this region. The difference in packing
densities for ash accumulated in the center of the end-plug, and in the plug but closer to

the channel walls was noted in Figures 8.17 and 10.8.

10.2.4 Exhaust Conditions and Effects on Ash Properties and Distribution

A direct comparison of the ash distribution profiles between DPFs regenerated
continuously and periodically is shown in Figure 10.13. Despite a lower total ash level,
the DPF subjected to the high temperature continuous regeneration exhibited a
significantly thicker layer of ash along the channel walls, as compared to the periodically
regenerated filter. These measurements are consisted with those reported in the literature

and the images shown in Figure 2.5.
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Figure 10.13. Comparison of ash layer thickness profiles along the filter centerline
for DPFs containing 33 g/l ash (continuous regeneration) and 42 g/l ash (periodic

regeneration) both using CJ-4 oil.

The thicker ash cake layer along the channel walls leads to a significant increase in flow
resistance for the exhaust gasses passing through the ash layer. In addition to increasing
the flow resistance through the ash layer, the channel open area is also considerably

reduced in the case of the continuously regenerated filter. Figure 10.14 presents a direct
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Ash accumulated along the DPF channel walls in both filters exhibited an increase in
packing density compared to the ash deposited in the channel end-plugs. This difference
was much less pronounced in the continuously regenerated filter. Interestingly, despite a
large difference in ash wall-layer packing densities, the packing density for the ash

accumulated in the channel end-plugs was quite similar for both cases.

Based on the measured ash packing density and distribution profiles, it appears that ash
generated under high temperature conditions (continuous regeneration) is less densely
packed along the channel walls than ash accumulated under lower temperature
conditions. The reduced ash packing density causes the ash to occupy more space in the
DPF channels, for a given ash mass, and therefore leads to the increase in measured ash
thickness with the continuously regenerated DPF. Furthermore, the sustained high
temperatures of the continuous regeneration test cycle, may result in “sticky” ash
particles more apt to sinter or fuse together, thereby making removal and transport from
the wall layer to the plugs in the back of the DPF less likely. The effect of elevated ash
“stickiness” increases the critical shear stress of the ash deposits, thereby allowing for the
build-up of thicker ash layers before significant amounts of ash are removed from the

layer and transported to the back of the DPF to form the ash end-plugs.

In addition to the direct temperature effect on ash morphology, the different regeneration
strategies may also play an important role in controlling the ash deposition and formation
processes. During periodic regeneration, ash particles and precursors are deposited and
well mixed in the soot cake layer which accumulates along the DPF walls. During DPF
regeneration, the soot is oxidized and the ash particles begin to fuse together and

agglomerate, leaving the ash structures with large void spaces behind.

Given the low concentration of ash in the soot layer, 0.5% to 1.0% of the soot deposits,
the ash particles and structures that remain following DPF regeneration consist primarily
of void spaces and are extremely mechanically unstable. The inherent instability of these
structures causes them to break down forming an ash layer along the DPF surface. The

most densely packed particles remain on the filter surface or existing ash layer, whereas
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the loosely held particles are more easily removed and re-entrained in the flow. In this
manner periodically regenerated DPFs may be expected to accumulate a densely packed
ash layer along the walls, and a large fraction of less densely packed material in the

channel end-plugs.

On the other hand, during continuous regeneration conditions, the soot is rapidly oxidized
upon entering the DPF and no appreciable soot layer forms in the filter. In this manner
only ash is deposited along the filter walls in sufficient amounts. As the ash particles are
directly deposited on top of one another, with no significant amount of soot separating
the particles, the resulting ash deposits are more mechanically stable than ash deposits
formed during periodic filter regeneration. Further, the elevated temperatures in the DPF
during continuous regeneration are more conducive to ash particle agglomeration,
causing the particles to bond more strongly with the substrate and the surrounding ash.
These processes may result in the thicker ash layers observed along the channel walls and

less ash accumulated in the end-plugs at the back of the filter.

10.2.5 Ash Composition

The composition of the ash generated from the CJ-4 oil and accumulated in the DPF
following continuous regeneration was also analyzed using x-ray diffraction. The
spectrum corresponding to the ash composition is shown in Figures 10.16. Similar to the
ash composition for the CJ-4 oil with periodic regeneration shown in Figure 8.21, the two
predominant ash compounds in this sample were calcium sulfate and zinc magnesium
phosphate. The main peaks corresponding to these compounds are also identified in the

spectra.
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10.3 Measured and Computed Ash Properties

A summary of the measured ash properties from the post-mortem analysis is presented in
Table 10.1 below. Based on the measured ash packing density values and ash
composition determined via XRD, the ash porosity for the DPF subjected to periodic
regeneration was 91.1% and the ash layer generated in the DFP subjected to continuous

regeneration was 93.7% porous.

Ash Layer| Wall Plug | Theoretical Ash

Lubricant | Regeneration| ~ Ash Thickness| Density | Density Density Porosity

fg/ [em) fg/em?) | [glem® | [g/em?) [%)
CJ-4 Periodic 42.0 0.013 0.30 0.17 34 911
CJ-4 Continuous 33.0 0.025 0.21 0.19 3.4 937

Table 10.1. Summary of measured ash properties for ash generated using CJ-4 oil

undergoing continuous and periodic regeneration.

Table 10.2 provides additional parameters related to the changes in DPF geometries
computed from the ash distribution measurements and properties listed in Table 10.1
above. The filter containing ash generated via continuous regeneration exhibited almost
twice the reduction in channel frontal areas as opposed to the DPF regenerated
periodically. Furthermore, the total ash level in the filter subjected to continuous

regeneration was significantly lower than the periodically regenerated DPF.

Channel Ash End
. . o Change in | Change in |Change in Plug
Lubricant | Regeneration Ash Filtration Filtration Area|Frontal Area| Length Volume
Area .
Fraction
{9/ [cm?] [%] (%] [%] (%]
CJ-4 Periodic 420 4.69 -47.9% -27.0% -40.5% 76.3%
CJ-4 Continuous 33.0 444 -50.7% -59.9% -26.7% 37.0%

Table 10.2. Summary of calculated ash effects on filter geometry for ash generated

using CJ-4 oil undergoing continuous and periodic regeneration.
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For both cases shown in Figure 10.18, the lubricant chemistries were the same (CJ-4 oil),
with the only difference being the filter thermal histories. While the post-mortem
analysis has shown a significant dependence of the bulk ash distribution (wall layer vs.
end-plug) on filter temperature and regenerations strategy, the flow resistance
characteristics of the ash, specifically permeability, generated under these varying
conditions is also affected. This provided further evidence of the large role exhaust
temperatures and DPF thermal history may play in controlling ash properties affecting

DPF pressure drop.

10.5 Exhaust Temperature Effects on Ash Properties and Composition

The results presented in the previous sections show a significant effect of exhaust
temperature not only on influencing ash distribution and morphology, but also on ash
composition. To better understand the effect of exhaust conditions, specifically
temperature, on lubricant-derived ash properties and composition, a number of specific,

targeted experiments were carried out.

A series of engine tests were performed using full-sized catalyzed and un-catalyzed DPFs
mounted in the exhaust system of the Cummins ISB. In order to accommodate the full
exhaust flow of the engine, two D7.5” x 12” filters were installed in parallel. The engine
tests utilized conventional ultra-low sulfur diesel fuel and a commercial CJ-4 lubricant.
The DPFs were subjected to a steady-state soot loading cycle (low speed and load),
followed by a high load condition to increase exhaust temperatures for DPF regeneration.
Filter regeneration with DPF inlet temperatures in excess of 600 °C was achieved by
modifying boost and EGR levels at the high load condition. Figure 10.19 presents the
measures SO, emissions before and after the DPF during the high temperature

regeneration for the catalyzed and un-catalyzed filters.
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The results presented in this section show a fairly pronounced effect of exhaust
temperature on ash distribution in the filter, ash composition, and packing density.
Differences in exhaust temperatures during ash and soot deposition as well as ash
agglomerate formation during soot oxidation clearly influence ash properties and the
resulting DPF pressure drop performance. It is, therefore, important to consider the DPF
thermal history, in addition to lubricant additive chemistry, when evaluating ash effects

on DPF pressure drop.
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11 DPF ASH PRESSURE DROP MODELS AND THEORY

The ash pressure drop models described in Chapters 3 and 4 were developed in parallel
with the experiments. Initially the experimental data was utilized to validate the model
output and the results of the DPF post-mortem analysis provided valuable ash properties
for the model input. As the models were validated and refined, they were increasingly
used to explore specific ash effects and conduct parametric studies. Further, the
experimentally validated models provided additional insight into the specific underlying

mechanisms controlling the manner in which ash affects DPF performance.

11.1 Model Development and Validation

Initial model calibration was performed using experimental pressure drop and flow data
measured for a clean DPF. The DPF geometry used in the model was the same as for the
filters utilized in the experiments, D5.66” x 6, 200 cpsi. DPF porosity of 50% was
assumed in the model, consistent with data supplied by the manufacturer for this
particular filter. The predicted pressure drop (model output) was fit to the experimental

data by adjusting the filter permeability. A comparison of predicted and measured

pressure drop is shown in Figure 11.1.
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Figure 11.1. Measured and predicted pressure drop behavior for a clean DPF.
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The filter permeability determined using the model was 2.2x10™* m®. Clean, uncatalyzed
cordierite filters generally exhibit permeabilities around 5x10™"* m? however, as the
filters used in this study were coated with a washcoat and catalyst, the permeability is

expected to be lower than an uncoated DPF.

A similar procedure was applied to calibrate the model, using experimental pressure drop
data for a DPF containing only ash and no soot. The predicted and measured pressure
drop values as a function of ash load are shown in Figure 11.2. In this case, the ash layer

permeability determined using the model was 2.9x10™ m?,

Additional ash input
parameters based on measured values from the DPF post-mortem analysis included ash
layer packing density of 0.25 g/cm?, ash plug fraction of 0.5, and ash deep-bed trapped

fraction of 0.04.
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Figure 11.2. Measured and predicted DPF pressure drop as a function of ash load.

Calibration of the model for the case of a DPF containing soot and no ash followed a
similar procedure using the experimental pressure drop data. The predicted and

measured pressure drop values as a function of soot load are shown in Figure 11.3. In

2
s

this case, the soot layer permeability determined using the model was 5.0x10" m
consistent with values reported in the literature. Additional soot input parameters based
on values reported in the literature for similar exhaust flow conditions included soot layer

packing density of 0.1 g/em’, and soot deep-bed trapped fraction of 0.04. The soot was
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Similarly, the Carman-Kozeny relationship was also used to model ash layer permeability
due to the high ash porosity values measured as part of the post-mortem analysis. Figure
11.9 shows ash layer permeability variation as a function of porosity. The mean pore size
used in the calculations was 1 um, consistent with the average diameter of an
agglomerated ash particle. Compared with ash layer permeability values reported in the
literature, Table 3.4, the Carman-Kozeny relationship appears to slightly under-predict
ash permeability, given the pore size assumption listed above. Figure 11.10 shows the
variation in predicted ash layer permeability as a function of mean pore size, assuming a

porosity of 90%.
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Figure 11.9. Variation of permeability with porosity modeled with Carman-Kozeny

relationship for a typical ash layer assuming 1 pm pore size.

2.5E12
2.0E-12 +
1.5E-12 +
1.0E-12 -

5.0E-13 -

Permeability [m*2]

0.0E+00

0 0.5 1 1.5

N

Mean Pore Size [micron]

Figure 11.10. Variation of permeability with mean pore size modeled with Carman-

Kozeny relationship for a typical ash layer assuming porosity of 90%.
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The Carman-Kozeny relationship was also applied to compute the mean pore sizes for the
DPF substrate, soot layer, and ash layer based on measured porosity values for these
different materials. The permeability values were computed using the DPF pressure drop
model and experimental pressure drop data. The results of the mean pores size

calculations and inputs are summarized in Table 11.1.

, Packing Density { Permeability Mean Pore Size Porosity
Material 3 3 -
[g/cm’] [m°] [um] [%]
DPF Substrate -- 2.20E-13 8.90 50%
Ash Layer 0.25 2.90E-14 0.21 92%
Soot Layer 0.10 5.00E-15 0.05 95%

Table 11.1. DPF, ash, and soot layer properties determined using DPF performance

model and Carman-Kozeny relationship.

In general, cordierite DPFs exhibit a pore size distribution with pore sizes varying from
10 ym to 30 um. The DPF mean pore size predicted from the Carman-Kozeny
relationship is 8.9 um, slightly less than expected, however the relationship is generally
valid for porosities in excess of 80%, whereas typical DPF porosities are around 50%.
Furthermore, the mean pores sizes calculated for the ash and soot particle layers were

slightly smaller than the typical particle agglomerate sizes.

11.3 Ash Distribution Effects on DPF Pressure Drop

Following model calibration and validation with the experimental data, a series of studies
were performed to investigate the effect of ash distribution on pressure drop. The
experimental results presented in Chapter 10 show exhaust temperature and regeneration
strategy (periodic vs. continuous) can affect the ash distribution within the DPF channels.
Periodically regenerated filters typically exhibit more ash deposition towards the back of
the channel in end-plugs (up to 75% of the total ash volume in some cases), whereas
continuous regeneration showed more ash accumulation in a fairly even layer along the
channel walls. Figure 11.13 presents predicted DPF pressure drop for cases in which

100% of the ash is accumulated along the channel walls, 100% of the ash is accumulated
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The DPF inlet and outlet losses are a small contribution to the total filter pressure drop.
When all of the ash is accumulated along the channel walls, the inlet losses increase
significantly due to the reduction in channel diameter. On the other hand, no difference
in inlet losses is observed when all of the ash is deposited in the channel end-plug, as the

channel diameter remains fixed at the initial clean value

The analysis of the individual pressure drop contributions presented above showed the
relative distribution of ash in the DPF channels between the wall layer and end-plug
significantly affects ash layer thickness and DPF filtration velocities. While depositing
more ash toward the back of the channel in the end-plug results in a decrease in ash layer
thickness along the filter walls, end-plug growth reduces the effective channel length

with an associate increase in wall velocity.

While the analysis of the individual parameters affecting DPF pressure drop aid in
understanding the manner in which ash distribution affects total filter pressure drop, it
provides little insight into the optimum ash distribution to reduce filter pressure drop. A
series of parametric studies was conducted to investigate the effects of varying ash
distribution (end-plug vs. wall layer) on the total filter pressure drop for varying levels of
DPF ash loading. The results of this analysis, for a DPF containing only ash, are shown
in Figure 11.18. An ash end-plug fraction of 0 indicates all of the ash is accumulated
along the channel walls, and an ash end-plug fraction of 1 indicates all of the ash is

accumulated in the end-plug.

For typical DPF ash loading levels, below 40 g/l, the total DPF ash-related pressure drop
decreases slightly with increasing ash end-plug fraction. This beneficial effect is most
pronounced at high values of the plug fraction, above 70%. For most of the ash
distribution profiles measured in this study, the ash plug fraction varied from 0.5 to 0.7.
Within this range, and for typical ash loading levels, there is only a marginal effect of ash

distribution on filter pressure drop.
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lubricant chemistry and ash properties on pressure drop as well. Figures 11.20 and 11.21
present the measured and predicted DPF pressure drop curves for ash generated from a

lubricant containing only ZDDP and another lubricant containing only calcium detergent.
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Figure 11.20. Measured and predicted filter pressure drop for a DPF containing

ash generated from a lubricant containing only a calcium detergent.
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Figure 11.21. Measured and predicted filter pressure drop for a DPF containing

ash generated from a lubricant containing only ZDDP.

Using measured values for the ash porosity, packing density, and distribution from the
post-mortem analysis, the ash pressure drop model was applied to compute ash layer

permeability for the ash generated from the oils containing only ZDDP and only calcium-
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based detergents. The ash layer permeability was determined by fitting the models to the
experimental data, using the measured ash properties. The results of these calculations

are shown in Table 11.2.

. Packing Density | Permeability Mean Pore Size Porosity
Material 3 3
lg/rem’] [m’] (um} [%]
DPF Substrate - 2.20E-13 8.90 50%
CJ-4 Ash 0.25 2.90E-14 0.21 92%
Ca Ash 0.24 2.30E-14 0.18 92%
Zn Ash 0.18 9.00E-14 0.20 95%

Table 11.2. DPF and ash layer properties determined using DPF performance

model and Carman-Kozeny relationship.

Based on the model, the permeability of the zinc-based ash was computed to be
approximately 9.0x10™"* m? whereas the permeability for the calcium-based ash was
estimated at 2.3x10™* m’. The DPF loaded with the zinc-based ash also exhibited the
lowest pressure drop for the same level of ash loading when compared with the ash
generated from the CJ-4 and calcium-based lubricants. Furthermore, the permeability of
the calcium-based ash was quite similar to that of the CJ-4 ash, ash shown in Table 11.2.
Permeability values for the clean DPF substrate are also included in Table 11.2 for

comparison.

Applying the Carman-Kozeny relationship and using the experimentally measured ash
properties and permeability values computed using the pressure drop model, mean pore
sizes for the various ash layers were computed as well. The mean pore sizes were nearly
the same for all of the ash layers generated using the various lubricants and ranged from
0.18 um to 0.21 um, with the calcium-based ash exhibiting the smallest mean pore size.
The mean pore sizes computed for all of the ash layers and the clean filter are presented
in Table 11.2.
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11.5 Ash Influences on DPF Soot Pressure Drop Sensitivity

The experimental results presented in Chapters 8 an 9 show a significant effect }of ash
loading on the DPF pressure drop sensitivity to additional soot accumulation. For low
soot loads, below 0.4 g/l, ash was observed to decrease the pressure drop sensitivity,
whereas for soot loads above 3 g/l, the presence of ash in the filter increased the pressure
drop sensitivity quite significantly. It was further shown that this effect could be partially
accounted for through the reduction in available filtration volume, as a result of ash
accumulation in the filter. Ash deposited along the channel walls and in the channel end-
plug effectively reduces the size of the filter, displaces the soot, and results in higher
local soot loadings toward the front of the filter. The specific soot loading (soot mass per
filter volume) data presented in this section has been adjusted to account for the reduction

in filter volume due to ash accumulation.

However, even when the reduction in filter volume due to ash accumulation was
accounted for, this effect alone could not fully explain the observed changes in pressure
drop sensitivity. The ash pressure drop models were applied to better understand the
underlying processes responsible for controlling filter pressure drop sensitivity due to ash
accumulation, not readily transparent from the experiments. The models developed to
further explore these effects utilized the following experimentally determined input

parameters:

* Ash distribution: 50% along channel walls, 50% in end-plug (by volume)
=  Ash packing density: 0.235 g/cm’

* Ash permeability: 3.0x10"* m?

* DPF permeability: 2.2x10™"° m?

» Deep-bed trapped fraction: 0.04

The model was initially calibrated assuming a constant soot packing density and
permeability. The experimental data used for comparison was for the case of a DPF
containing 33 g/l of ash generated using a commercial CJ-4 oil and periodic regeneration.

This level of ash accumulation in the DPF was estimated to correspond to slightly more
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than 180,000 miles of on-road use. The values of the soot properties assumed constant
were: packing density of 0.1 g/cm®, true density of 2g/cm’ (carbon), and permeability of
5.0x10"° m?. Figure 11.22 presents a comparison of the measured and predicted DPF

pressure drop profiles for a DPF pre-loaded with 33 g/l ash as a function of soot load.
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Pressure Drop [kPa]
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Figure 11.22. Comparison of predicted pressure drop performance with
experimental data for a DPF containing 33 g/l ash and 6 g/l soot, assuming constant

soot permeability and packing density.

From Figure 11.22, it is clear that the assumption of constant soot packing density and
permeability fails to capture the observed changes in DPF pressure drop sensitivity, and
results in a linear increase in pressure drop with soot load. The specific soot load values
listed on the horizontal axis of Figure 11.22 have been adjusted to account for the

reduction in filter volume due to ash accumulation.

The simulations described above were repeated, however in this case, soot permeability
was allowed to decrease with increasing soot levels. A comparison of the measured and
predicted DPF pressure drop trends is shown in Figure 11.23. By allowing soot
permeability to vary with increasing soot load, the predicted pressure drop was able to fit

the experimental values almost exactly. These results provide evidence that ash
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accumulation in the DPF affects not only the filter geometry and reduces the filter

volume, but may also influence the properties of the soot deposited on the ash layer.

Pressure Drop [kPa]

g EXperiments —4— Model

Soot [g/l]

Figure 11.23. Comparison of predicted pressure drop performance with

experimental data for a DPF containing 33 g/l ash and 6 g/l soot, assuming

decreasing soot packing density.

As ash is deposited in the filter, it reduces the available filter volume. The reduction in

filter volume not only increases local soot loading toward the front of the filter, but also

increases the filter wall velocities.

Soot packing density and permeability are strong

functions of the filter wall velocity as shown in Figure 3.5. The results shown in Table

11.3, clearly illustrate the manner in which ash accumulation at 33 g/l affects local soot

loads and wall velocities in the DPF, relative to a DPF that contains no ash.

DPF @ 33 g/l Ash
Nominal Soot | 500t thickness | Wallvelocity | )\ o100
Load relative to no-ash | relative to clean soot load
DPF no-ash DPF
29/ +27% +40% 279/
6 g/l +31% +46% 8.0 g/l

Table 11.3. Ash effect on local soot load and DPF wall velocities.
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permeability and calibrate the model to the experimental data. The comparison between

the predicted and measured pressure drop values was shown in Figure 11.23.

Using the pressure drop model and the Carman-Kozeny relationship, the effect of soot
layer porosity and soot layer mean pores size on soot permeability and filter pressure

drop were explored. The results are shown in Figures 11.25 and 11.26.
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Figure 11.25. Predicted soot layer porosity and permeability variation as a function

of soot load for soot deposited in a DPF pre-loaded with 33 g/l ash.
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Figure 11.26. Predicted soot layer mean pores size and permeability variation as a

function of soot load for soot deposited in a DPF pre-loaded with 33 g/l ash.
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The results presented in Figure 11.25 show the variation in soot layer porosity and
permeability required to account for the increase in DPF pressure drop sensitivity
observed in the experiments. In these simulations, the soot layer mean pore size was
assumed constant at a value of 100 nm, similar to the size of the individual soot
agglomerates. The simulations show only small changes in soot layer porosity from 90%
to 82% resulting in a significant decrease in soot layer permeability by almost a factor of
four. Figure 11.27 presents additional experimental results from the literature showing
soot layer permeability and porosity variation with DPF soot load for DPF filtration
velocities ranging from 1 cm/s to 4 cm/s. While a number of parameters affect soot
properties, the manner in which each of these parameters (soot load, wall velocity,
pressure drop) affect soot packing density and permeability is still unclear. However, the
trends in the experimental data presented in the literature and shown in Figure 11.27 are
quite similar to the soot property data obtained using the ash model developed in this

study and shown Figure 11.25.

@ Permeability 1 Porosity
1.4E-14 - - - 99%
1.2E-14 ; |
- { v o - 97%
£ 1.0E-14 o o —
E o I k X
2  8.0E-15 - - %% 5
3 e [
g 6.0E-15 - oo +93% §
$  4.0E-15 - o ¢
+ 91%
2.0E-15 - o
0.0E+00 +-——— e - 89%
0 2 4 6 8 10 12

Soot Load [g/L]

Figure 11.27. Experimentally determined soot layer permeability and porosity
values as function of soot load for DPF wall velocities from 1.1 to 4.4 cm/s. Adapted

from data presented in [64].
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of these parameters on DPF pressure drop sensitivity. More importantly, the results
demonstrate that these parameters can account for the observed changes in pressure drop
sensitivity, however understanding the specific manner in which these parameters are

coupled, requires additional investigation.
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12 CONCLUSIONS

The results presented in this work, among few fundamental data of its kind, highlight the
underlying mechanisms responsible for the manner in which ash accumulation in diesel
particulate filters affects the filter’s pressure drop performance. After only 35,000 miles
of on road use, ash comprises nearly 50% of the material accumulated in diesel
particulate filters, highlighting the need to understand ash effects on DPF performance
over the filter’s 150,000 mile minimum service life. Targeted experiments carried out
with carefully-controlled exhaust conditions provide insight into exhaust ash transport to
the DPF, ash accumulation in the DPF, and the specific parameters controlling ash
deposit formation and the resulting ash properties. Modeling efforts complemented the
experimental work and served to advance the theoretical understanding. Lubricant
chemistry and exhaust conditions were observed to play a significant role in influencing
the magnitude in which ash affects filter pressure drop. Furthermore, the results of this
study provide practical information to aid engine and aftertreatment designers as well as
lubricant formulators to mitigate the deleterious effects of ash accumulation on diesel

particulate filter performance.

12.1 Ash Transport and Deposition in Diesel Particulate Filters

Studies of engine-out soot and ash emissions revealed lubricant-derived ash related
species to comprise between 0.5% and 1.0% of the total particulate matter emitted by the
engine. Microscopy analysis of individual soot particles showed lubricant-derived ash
precursors (Ca, Mg, Zn, S, and P compounds) to be intimately bound to the carbonaceous
particulate matter. While individual wear metal and corrosion particles were found in the
exhaust, no lubricant derived ash-related material was found to exist as distinctly separate
particles. These observations provide circumstantial evidence that not only are the
lubricant-derived ash compounds transported to the exhaust bound to the particulate
matter, but the size of the ash particles embedded in the particulate matter are no larger

than the soot agglomerates themselves.
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These experimental observations indicate that sub-micron-sized ash precursors,
transported to the DPF bound to the soot particles, are fairly well-mixed in the
accumulated soot layer. Upon filter regeneration and soot oxidation, the soot is removed
leaving a loose network of agglomerated ash particles and structures. These structures
and particles were observed in the electron micrographs. Over time, and following
repeated regeneration events, the ash particles agglomerate and grow to the micron-sized
particles observed in the resulting ash layer. Exhaust conditions affect the ash deposition
and formation processes, and the lubricant chemistry plays a role in defining the resulting
ash composition and properties. Furthermore, the local ash critical shear stress controls
the resulting thickness of the ash layer, and ash particle re-entrainment in the exhaust

gasses and transport to the back of the filter channels resulting in end-plug formation.

Measurements of pre- and post-DPF elemental ash emission rates further showed that
nearly all metallic lubricant-derived elements (Ca, Mg, Zn) are trapped in the DPF at a
high rate, in excess of 98%. On the other hand, trapping efficiencies for sulfur and
phosphorous compounds were somewhat lower and ranged from 65% to 85%,
respectively. Sulfur compounds may exist as particle-phase sulfates and in the gaseous
phase as SO,, and may thus more readily pass through the filter. Furthermore,
decomposition of lubricant-derived sulfate compounds at high temperatures, and sulfate
production over the platinum catalyst may also contribute to the reduced sulfur trapping

efficiencies.

12.2 Ash Effects on DPF Pressure Drop

Studies of ash effects on DPF pressure drop utilizing a fully-formulated CJ-4 oil and a
base oil containing no additional additives defined an upper- and lower- bound for the
increase in pressure drop due to lubricant-derived ash accumulation. Experiments using
the ashless base oil showed no detectable increase in filter pressure drop over the
accelerated ash loading cycle simulating 180,000 miles of on-road use. Furthermore, no
ash deposits were observed in this DPF. On the other hand, 33 g/l of ash was

accumulated in the filter with the CJ-4 oil, over the same simulated driving distance.
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This level of ash accumulation led to an increase in DPF pressure drop by a factor of 1.8

to 1.9 times greater than the pressure drop in a clean filter.

Ash accumulation in a clean DPF first deposit in the DPF pores close to the filter surface.
While only a small fraction of the ash is deposited in the DPF pores, it accounts for a
significant fraction of the total ash-related pressure drop. Over a simulated driving
distance of 180,000 miles, approximately 5% of the total ash was accumulated in the DPF
pores, however it accounted for almost 60% of the total ash-related filter pressure drop.
In general, around 2 g/l of ash was estimated to accumulate in the DPF pores with the

D5.66” x 6” particulate filters used in this study.

Ash distribution in the DPF is a dynamic process with the amount of ash deposited along
the filter wall and in the end-plug at the back of the DPF changing as the filter is loaded
with ash. Following initial ash depth filtration, ash accumulates on top of the filter wall
in a cake layer. The cake layer grows as additional ash and soot is deposited in the filter.
Initial stages of ash accumulation find the ash predominately accumulated along the filter
walls in the cake layer, with little ash deposition at the back of the channel in end-plugs.
However, as ash continues to accumulate in the filter, at levels in excess of 12.5 g/l, the
relative proportion of ash deposited in the end-plug increases. That is, the ash
distribution shifts to deposit more material at the back of the channels as opposed to
along the channel walls. The critical shear stress of the ash deposits is believed to govern

the transport of ash from the cake layer to the channel end-plugs.

Analysis of the DPF pressure drop data for filters with varying levels of ash generated
from CJ-4 oils showed the ash layer permeabilities to be quite similar for ash generated
from the same oils under the same conditions in the DPF. The primary difference in the
flow resistance parameter (w/k) was attributed to the difference in ash layer thickness.
The DPF models further show filter wall velocities increase as the filtration area is
reduced with ash accumulation in the DPF. The increasing wall velocities may result in a
settling effect of the ash particles in the cake layer which would also affect layer

permeability. Measurements of ash packing density, showing a slight increase in packing
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density from 0.18 g/cm’ to 0.30 g/cm?® with an increase in DPF ash loading from 12.5 g/I
to 42 g/l are consistent with the experimental observations and established cake filtration

theory.

12.3 Lubricant Chemistry Effects on DPF Pressure Drop

Studies varying lubricant chemistry showed that ash containing predominantly calcium
compounds exhibits a much greater increase in DPF pressure drop than fully-formulated
CJ-4 oils for the same level of DPF ash loading. Furthermore, ash composed primarily of
zinc-based compounds exhibited the lowest increase in pressure drop of all the lubricants
tested. Measurements of ash composition via x-ray diffraction showed the ash generated
from the oil containing only a calcium-based detergent to consist primarily of CaSQ,.
The oil containing only the ZDDP additive produced ash composed primarily of
Zn3(POy); and ZnyP,07. The composition of the ash generated from the fully-formulated
CJ-4 was considerably more complex, with CaSO4 and MgZn,(PO4), being the primary

constituents.

Application of the DPF ash model and Carman-Kozeny relationship in conjunction with
the experimental pressure drop data and measured ash properties allowed for the
determination of ash layer permeability, porosity, and mean pore size. The ash porosities
measured for the ash generated by the three diffident lubricant additives (CJ-4 package,
Ca, and ZDDP) ranged from 92% to 95%. However, it should be noted that the results of
the microscopy analysis conducted as part of this work, and data published in the
literature, indicate that some of the individual ash particles themselves may be hollow
structures with a void inner core. The morphology of the individual ash particles will
result in a lower porosity structure encountered by the exhaust gasses.  Application of
the Carman-Kozeny relationship to the experimental data showed mean pore sizes for the
ash layers ranging from 0.18 pm to 0.21 pm, with the calcium-based ash exhibiting the

smallest mean pore size.
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Determination of ash layer permeabilities using the pressure drop model resulted in
permeabilities of 2.3x10™"* m? for ash generated from the oil containing only the calcium
detergent and 2.9x10™"* m? for the ash generated from the CJ-4 oil. The permeability of
the ash containing predominantly zinc phosphates was 9.0x10™* m?, significantly greater
than the ash generated from the CJ-4 and calcium-based oils. The measured and
computed ash properties were consistent with the experimentally-determined pressure
drop trends. Based on the measured pressure drop and ash properties, calcium-based
lubricant additives appear to generate ash layers exhibiting a greater flow resistance and
elevated pressure drop as opposed to zinc-based additives. Furthermore, high levels of
CaSO, were also found in the ash generated with the CJ-4 oils. Similarities between the
DPF pressure drop performance for the filters exposed to the calcium-based oil and fully-
formulated CJ-4 oil, indicate calcium additives to be one of the largest contributors to

DPF pressure drop increase due to ash accumulation.

12.4 Exhaust Temperature Effects on DPF Pressure Drop

Investigations of exhaust temperature and DPF regeneration condition effects on ash
properties and DPF pressure drop showed 25% of the ash generated via periodic
regeneration distributed along the channel walls and 75% accumulated in the channel
end-plug by volume, for a DPF containing 42 g/l ash. On the other hand, ash generated
via continuous regeneration tended to preferentially accumulate along the channel walls.
Regardless of regeneration method, initial stages of ash accumulation in the DPF, up to
10 g/l, showed no significant differences in filter pressure drop between the periodic and
continuously regenerated cases. Furthermore, results of the post-mortem analysis showed
ash primarily deposited in the DPF pores and along the channel walls during initial stage
of ash accumulation (less than 10 g/l ash). The differences in pressure drop became
much more pronounced at elevated ash loading levels, with the continuously regenerated

filter exhibiting a greater increase in pressure drop for the same level of ash loading.

Results obtained from the DPF ash pressure drop models provide additional insight into

the effect of ash distribution (end-plug vs. wall layer) on filter pressure drop. Ash
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primarily accumulated in the end-plug reduces the overall channel length leading to a
decrease in the channel pressure drop. However, the reduction in channel length also
increases the exhaust gas wall velocities increasing the pressure drop through the DPF
walls. On the other hand, ash primarily accumulated along the channel walls decreases
the hydraulic diameter of the channels resulting in an increase in the channel pressure
drop. Furthermore, increasing ash layer thickness also increases the pressure drop
through the ash layer. In general, for ash loads below 40 g/I, which are typical in most
DPF applications, packing the ash in the end-plugs at the back of the channels results in a

lower pressure drop as opposed to ash deposition along the channel walls, when only ash

effects are considered.

Extension of the DPF pressure drop models to include both ash and soot effects, showed
the opposite behavior. When soot is deposited in a DPF containing moderate ash loads,
above 10 g/l, the lowest pressure drop is achieved when all of the ash is deposited along
the channel walls and no ash is deposited in the end-plug. As noted above, ash deposition
in the end-plug reduces the effective channel length, driving up the wall velocities. The
increased wall velocities, combined with the low permeability of the soot layer, lead to an
increase in pressure drop for the case in which ash is deposited in the end-plug. The
experimental data further showed a beneficial effect of the ash layer to inhibit soot depth
filtration and is consistent with the filter pressure drop performance predicted in the

model.

Detailed investigations of exhaust temperature effects on ash composition and ash layer
properties showed elevated temperatures, above 700 °C, resulting in ash decomposition.
The ash decomposition was primarily attributed to the decomposition of sulfate
compounds, as observed by measurements of SO, evolved from the ash samples at these
elevated temperatures. X-ray diffraction analysis further revealed the formation of metal
oxide compounds at elevated temperatures as well. While some ash decomposition at
temperatures in excess of 700 °C was observed, the primary effect of the high
temperatures was to increase ash packing density, and ash sintering was clearly observed

after ash exposure to temperatures above 900 °C.
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12.5 Combined Ash and Soot Effects on DPF Pressure Drop

Ash significantly affects the DPF pressure drop sensitivity to soot accumulation. Ash
deposited along the DPF channels forms a physical barrier or membrane preventing soot
depth filtration. For low ash loads, below 12.5 g/l, with conventional CJ-4 oil, the ash
layer was shown to have a beneficial effect in reducing DPF pressure drop due to soot
accumulation relative to the filter with the same level of soot loading but no ash.
Interestingly, these same beneficial effects were also noted with the zinc-based ash, but at
much higher ash levels of 28 g/l. The reduction in pressure drop is attributed to the

elimination of soot depth filtration by the ash layer.

The prevention of soot depth filtration by the ash layer, results in a marked decrease in
DPF pressure drop sensitivity to additional soot accumulation for low soot loads, below
0.4 g/l. At moderate soot loads (0.4 g/l to 3 g/l), little difference in pressure drop
sensitivity is observed between the DPFs with and without ash. However, at elevated
soot loads above 3 g/l, pressure drop sensitivity increases much more rapidly in DPFs
containing ash than in filters with no ash. Depending on ash levels, this increase in
pressure drop sensitivity may range from 1.4 to 4.4 times greater than in a filter without

ash, and increases with the level of ash loading.

The increase in pressure drop sensitivity observed in the ash loaded DPFs with elevated
soot loading levels was primarily attributed to the reduction in available filter volume due
to the ash. Ash accumulation in the DPF reduces the volume available for soot
deposition, thereby increasing the local soot loading. Although the absolute mass of soot
stored in the filter is the same for a clean and ash loaded DPF, the filter containing ash
exhibits higher local soot levels, as much of the filter volume is already occupied by ash.
Second order effects also contributing to the observed increase in pressure drop
sensitivity include an increase in channel wall velocities with ash loading, and a reduction

in the channel hydraulic diameter.

The DPF pressure drop model was also applied to investigate the second order effects

(soot property variation) due to ash loading. The models showed a decrease in soot layer

279



permeability due to decreasing layer porosity and mean pore size with additional soot
accumulation in a DPF containing ash. The elevated filter wall velocities, due to the ash
accumulation, may result in more densely packed soot structures and/or cause soot re-
ordering whereby small soot particles partially block the pores, resulting in a reduction in
the mean pore size. The specific manner in which these parameters are coupled, requires
further investigation. Increasing channel wall velocities has also been shown in the
literature to result in slightly denser and less permeable soot layers, and the trends
observed with the DPF model (decreasing soot layer permeability and increasing packing

density) were consistent with the general trends reported in the literature as well.

12.6 Practical Applications

In practical applications, all DPFs contain some level of ash and soot loading. Estimates
based on the results presented in this work show approximately 1.75 g/l ash accumulation
per 10,000 miles. At this rate of ash accumulation, the DPF contains 6 g/l of ash after
only 35,000 miles. Typically, cordierite DPFs are regenerated at soot loading levels of 6
g/l. Therefore, after only 35,000 miles of on road use, the ash fraction of the accumulated
material in the DPF (ash and soot) exceeds 50%. Typical on-highway heavy-duty trucks
average 150,000 miles per year, which coincidentally is equal to the EPA’s minimum
DPF ash cleaning interval. Following the same logic, at 150,000 miles, the DPF can be
expected to contain 26 g/l ash, slightly more than 80% of the accumulated material, if the
filter is regenerated at a maximum soot load of 6 g/l. Despite the relatively high amount
of ash accumulated in particulate filters, few studies in the literature consider ash effects

when evaluating DPF performance.

Ash accumulation in the DPF significantly affects the filter’s pressure drop sensitivity to
soot accumulation, which is of great practical importance for pressure-based methods
used to determine DPF soot loading. At low soot loads, ash reduces the pressure drop
sensitivity to soot accumulation resulting in an underestimate of soot loading. On the
other hand, at elevated soot loads, ash increases the DPF pressure drop sensitivity to soot

accumulation resulting in an overestimate of soot levels. If ash effects are not accounted
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for, the DPF may be regenerated more often than necessary resulting in additional fuel

economy penalties, particularly at high ash loads.

Ash accumulated in end-plugs at the back of the DPF channels also reduces the channel
length, shifting soot distribution in the filter, resulting in higher local soot loads towards
the front of the filter. Results of experiments conducted in this study show between 50%
and 75% (by volume) of the ash accumulated in end-plugs at the back of the filter after a
simulated driving distance of 180,000 miles with a conventional CJ-4 oil and periodic
regeneration. These results further show that ash levels of 33 g/l and a nominal DPF soot
load of 6 g/l, corresponds approximately to 8 g/l of soot locally. Higher local soot loads
result in elevated local temperatures during active DPF regeneration which may affect

DPF service life.

Exhaust temperatures and regeneration strategy also affect ash deposition and distribution
within the DPF. Ash accumulated in a filter regenerated periodically leads to increased
ash plug formation at the back of the channels. On the other hand, ash accumulation in a
filter regenerated continuously results in a larger proportion of the ash deposited in a
layer along the channel walls. Packing the ash in end-plugs toward the back of the DPF
channels is preferred to reduce filter pressure drop associated with ash accumulation.
However when both soot and ash accumulation is considered, evenly distributing all of
the ash along the channel walls, with no end-plug formation, is preferred to reduce the
total filter pressure drop. Modifying DPF regeneration strategy and DPF regeneration
temperatures may provide some control of ash distribution and the resulting magnitude of

the ash effect on DPF pressure drop.

Low levels of ash accumulation in the DPF, below 12.5 g/l, show a beneficial effect on
reducing filter pressure drop with soot accumulation, as the ash layer forms a membrane
covering the DPF surface pores, preventing soot depth filtration. Based on the results
presented in this study, ash levels of 12.5 g/l in the DPF correspond to slightly more than
70,000 miles. Conversely, elevated ash levels in the filter increase DPF pressure drop

sensitivity to soot accumulation and significantly increase total filter pressure drop with
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soot loads greater than 3 g/l. Increasing filter ash cleaning frequency, or better yet,
leaving a thin ash layer in the filters following DPF ash cleaning, if possible, may provide
additional means for reducing DPF pressure drop. Accurate knowledge of both soot and
ash levels in the filter is required to optimize filter regeneration strategy and cleaning

intervals to minimize DPF pressure drop.

Investigations of individual lubricant additive effects on DPF pressure drop, showed ash
primarily composed of calcium compounds to result in a much larger increase in filter
pressure drop as opposed to ash composed primarily of zinc-based compounds.
Furthermore, even at ash levels of 28 g/l, the DPF containing zinc-based ash showed a
reduction in total pressure drop, compared with a filter containing no ash, at the same
level of soot loading. This information may prove useful to lubricant and additive
formulators to design lubricants for reduced impact on aftertreatment systems, while

maintaining adequate engine protection.

12.7 Practical Considerations and Opportunities for Future Work

The results of the study presented in this work should be interpreted within the context of
the experimental procedures and the manner in which they were obtained. The
accelerated ash loading system utilized to load the DPFs with ash was designed to
generate ash and soot as realistically as possible. Detailed studies of the ash and soot
properties generated by the accelerated ash loading system showed overall ash and soot
morphology, composition, and properties to be quite similar to engine-out ash and soot;
the one exception being the significantly higher levels of ash in the exhaust with the
accelerated loading system. Furthermore, analysis of ash deposits from field-aged filters
subjected to 180,000 miles of on-road use were quite similar to the ash deposits found in
the filters loaded with ash in the laboratory over a test cycle simulating 180,000 miles of
on-road use. In particular, ash distribution (end-plug vs. wall layer), ash composition, ash
packing densities, and ash particle sizes were all quite similar for the field- and

laboratory-generated ash.
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Despite the considerable similarities between the procedure developed and utilized in this
work and engine-out exhaust conditions, the following key differences between the

laboratory procedures and processes occurring in an engine remain:

» Lubricant consumption and transport to the exhaust in a diesel engine can occur
via the following three paths: (1) combustion of the lubricant in the power
cylinder, (2) volatilization and vapor-phase losses at high temperatures, and (3)
liquid losses via valve and turbocharger seal leakage. The first two mechanisms
are generally responsible for the majority of lubricant consumption in an engine.
The design of the accelerated ash loading system utilized a diesel burner to
combust lubricant injected into the combustion chamber via a secondary oil
injector. The combustion products resulting from this system are primarily
composed of combusted and vaporized lubricant constituents, as well as soot
generated by the burner. Lubricant losses to the exhaust in liquid form were not

simulated, as they are believed to be small relative to the other mechanisms.

* Due to differences in the volatility of specific lubricant additives, and the
deposition of additives within the engine, such as through formation of anti-wear
films, not all lubricant additives are consumed at the same rate during engine
operation. The experiments conducted in this work consumed the fully-
formulated lubricant in the diesel combustor, and all of the lubricant additives

were consumed at the same rate.

» Hardware limitations due to the exhaust backpressure sensitivity of the diesel
burner and centrifugal blower used control the exhaust flow rate through the DPF
placed a limit on the maximum exhaust space velocity of 30,000 hr'. While
space velocities in the range of 20,000 hr”' to 30,000 hr'' may be achieved during
normal engine operation, in many practical applications, the space velocities may
be higher.

While the system limitations described above are not expected to significantly affect the
results and conclusions developed from this work, it is important to understand the key

differences between the accelerated ash loading system employed in the laboratory and
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actual engine-out exhaust conditions. Furthermore, opportunities for future work may
address some of these limitations and may also expand upon the following key areas

indentified in this study:

* Extend system operating range to explore the effect of varying DPF wall
velocity on the properties of the ash and soot accumulated in the DPF. Filter

space velocity was maintained relatively constant in this study.

* Utilize specially formulated lubricants with additive levels corresponding to
the actual engine-out additive emissions rates.  Tailoring lubricant
composition in this manner will result in the same relative proportion of

lubricant additives accumulated in the DPF as observed in field-aged filters.

* Investigate the effect of lubricant additive forms in the exhaust (solid-, liquid-,
vapor-phase), on the resulting ash properties and DPF pressure drop. The
design of the current accelerated ash loading system allows for liquid- and

vapor-phase components to be introduced directly into the exhaust stream.

* Expand the lubricant test matrix to evaluate the synergistic effects of specific
lubricants on ash composition and properties affecting DPF pressure drop.
Only fully-formulated CJ-4 oils and lubricants containing individual additives
were utilized in this study. Analysis of the DPF ash suggests that individual
additives, particularly zinc and magnesium, may form complexes with sulfur

and phosphorous compounds.

* Perform targeted studies to better understand the parameters controlling ash
transport within the DPF from the filter walls to the end-plugs at the back of
the filter. While the local critical shear stress of the ash is believed to control
these transport processes, little is known about the ash properties and exhaust

parameters that affect the critical shear stress.

* Expand the DPF ash pressure drop models to more accurately account for the
coupling between ash and soot layer porosity, mean pore size, and

permeability. These parameters significantly influence pressure drop in diesel
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particulate filters containing both soot and ash, and require additional

investigation.

»  While the present study examined the effects of lubricant-derived ash on DPF
pressure drop, ash may also originate from a number of other sources.
Typically, additives present in diesel engine lubricants contribute to the
majority of the ash accumulated in DPFs. In some cases, particularly when
fuel-borne additives are used, the fuel contribution to the DPF ash increases as
well. Further, due to the much higher rate of fuel consumption relative to oil
consumption, small amounts of trace elements in the fuels can contribute
significantly to ash accumulation in the DPF. Recent studies have noted that
approximately 1 ppm of trace elements in the fuel are equivalent to
approximately 1,000 ppm of the same element in the oil, due to the much
greater fuel consumption rate [85]. Additional studies may focus on the

contribution of trace elements in fuels to ash accumulation in DPFs as well.

The results obtained in this study provide considerable insight into the underlying
mechanisms and parameters controlling key ash properties, which in turn influence the
magnitude of the ash effect on DPF pressure drop. While considerable progress has been
made, much additional work remains. Nonetheless, this work has served to advance not
only the theoretical understanding, but also identified opportunities useful in practical
applications to aid engine and aftertreatment designers as well as lubricant formulators in
reducing the overall impact of ash accumulation on diesel aftertreatment system

performance.
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14 APPENDIX

2 o &
gz s |5 |%
x |85 |2 So | 830 2E
z |23 %5 |88 |228 |£5
s %E 8~ | & E | RE= as
e |8 |z |2
< [ ™
1 4.4 52 297 91(84-100) | 4.8
2 45 7.8 416 92 (87-100) | 4.2
3 2.1 2.8 70 40 (37-42) 3.5
4 6.1 5.8 314 99 {93-101) 5.0
5 43 10.3 423 82 (75-90) 3.4
6 4.7 5.8 260 85 (79-94) 3.0
7 7.5 9.1 206 90 (86-107) 7.5
8 55 59 259 85 (80-88) 4.8
9 3.8 4.8 169 97 (89-102) 3.3
10 45 4.2 197 90 (81-101) 4.4
11 3.6 5.2 161 89 (87-91) 3.8
12 2.3 24.7 301 97 (92-100) | 4.0
13 2.1 8.4 160 59 (565-66) 2.5
14 8.5 3.3 203 92 (88-97) 5.6
15 9.8 4.5 245 92 (83-100) | 4.8
16 6.2 3.4 98 76 (71-84) 6.0
17 13.1 54 354 95 (89-105) 7.7
18 1.1 2.0 33.5 26 (21-29) 1.8
19 11.56 9.7 341 92 (87-95) 6.8
20 1.4 4.6 55 58 (564-63) 3.2
21 1.4 8.2 49 58 (54-61) 4.5
22 24 2.6 40 52 (47-58) 6.0
23 4.8 1.4 75 55 (43-69) 6.0
24 5.3 3.1 161 79 (69-86) 4.3
25 5.1 2.5 80 54 {50-60) 7.0
26 2.6 54 47 72 (69-73) 1.0
27 8.5 2.6 171 65 (60-70) 6.7

Table A-1. Soot permeability and packing density values for a range of exhaust
conditions and DPF soot loads [64].
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Figure A-6. Effect of ash accumulation on DPF pressure drop as a function of soot

load. Adapted from experimental data presented in [23].
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Figure A-7. Definition of pressure drop regimes and linear fit for ash and soot

loaded diesel particulate filters from experimental data at 25 °C and 20,000 GHSV.
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Figure A-8. Definition of pressure drop regimes and linear fit for ash and soot

loaded diesel particulate filters from experimental data at 25 °C and 20,000 GHSV.
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