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Abstract

The diesel particulate filter (DPF) is a ~$5,000-$50,000 USD critical component of
aftertreatment systems installed in diesel engine-powered vehicles. The device is designed to trap
particles emitted by the diesel combustion process in order to prevent their release into the
surrounding environment, thereby reducing pollution levels and mitigating greenhouse gas
emissions. Increasing stringency of emissions regulations has progressively necessitated the
installation of DPFs on diesel-powered vehicles over the past few years, with the DPF market
expected to remain significant in size at least through 2025.

While DPFs nominally operate by trapping and accumulating incoming PM continuously in the
far downstream plug region of the filter channels so that no gaps form between trapped particulate
matter (PM) agglomerates, both real-world field and laboratory bench tests have demonstrated that
channel-spanning ash agglomerates form well upstream of the end plug region, prematurely clogging
the mid-channel region. This effectively renders useless the remaining open space in the channel
downstream of the blockage location. In addition to mid-channel congestion, this adverse
phenomenon is referred to in the literature interchangeably as mid-channel collapse (MCC), mid-
channel clogging, and mid-channel deposits (MCD).

MCC, due to accelerated filling of the filter channels, often results in significantly reduced DPF
lifetime and performance (i.e. increased backpressure yielding depressed fuel economy), both of
which prove costly for diesel vehicle operators. Existing hypotheses regarding causality of MCC are
largely based on inconclusive empirical observations, and not substantiated by fundamental
quantitative analysis. The primary contributions of this dissertation include: 1) summarizing
hypothesized causal mechanisms of MCC with an emphasis on sintering as a primary driver thereof,
2) introducing a method by which to analyze X-Ray CT scans that show MCC in DPF channels, 3)
assessing the performance penalty associated with MCC by correspondingly extending the industry
standard model for pressure drop across a DPF, and 4) suggesting modifications to the DPF
regeneration process in order to prevent sintering of ash agglomerates to the DPF side walls, based
on an efficient reformulation of the prevalent temperature history model of the DPF that solves for
both flow and temperature conditions inside filter channels over time during active regeneration.

Thesis Supervisor: Professor Wai Cheng
Tile: Professor of Mechanical Engineering; Director, Sloan Automotive Laboratory
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Caption

Average annual global temperatures since 1880 compared to average temperatures
over 1951-1980. The light gray circles represent annual data points for temperature
anomaly, whereas the dark plot is generated using the LOWESS locally weighted
linear regression model [1].

The distribution of Earth’s surface temperature fluctuation over the past ~50 years,
indicating the greatest increase in temperatures on land and especially in the
northernmost latitudes [2].

Global CO; emissions (billions of tons) and atmospheric CO; concentration (in
parts per million) over the past 270 years, to illustrate the acceleration of greenhouse
gas emissions since the Industrial Revolution [3].

Concentration of CO; in Earth’s atmosphere over the past 800,000 years in parts per
million [3].

Greenhouse gas emissions by type and origin of gas [4].

U.S. greenhouse gas emissions by economic sector, 1990-2018. Total Emissions in
2018 = 6,677 Million Metric Tons of CO, equivalent. Percentages may not add up to
100% due to independent rounding. Note that the 12 percent greenhouse gas
emissions offset by land use and forestry has not been included [5].

The share of the world’s population exposed to PM.;s levels above the WHO
guidelines espoused in 2016 [0].

Chemical composition of diesel exhaust emissions. Note that while pollutants
represent less than 1% of diesel exhaust volume, its unabated release into the
environment is highly deleterious human health [7].

Pollutant formation in a direct-injection diesel engine during two combustion
approaches. Air and fuel mix prior to entering the combustion zone in the premixed
case [8, 9].

Key aftertreatment components through which the incoming engine exhaust passes
prior to escaping the vehicle and entering the ambient atmosphere.

A classically cylindrical diesel particulate filter (DPF) enclosed in its metal encasing.

Increased stringency of PM emissions requirements as enforced by U.S. and EU
regulators. Notice how the acceptable PM emissions in the U.S. as of 2007 was less
than 1% that what it was just 17 years prior in 1990 [10].
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Cumulative annual growth rate (CAGR) predictions by McKinsey & Company for
particulate filters, segmented by region and vehicle propulsion type. Note that the
diesel internal combustion engines central to this thesis are represented by the color
black [11].

Annotated wall-flow monolith filter patent filed by General Motors in 1983 [12].

A not-to-scale depiction of exhaust flow and combustion of soot during
regeneration. Characteristic length is 30cm whereas channel width is about 1mm.
Note also that the magnitude of velocity through the walls is actually much smaller
(on the order of 1%) than that in the channels due to continuity. However, the
illustration is intended to depict the idea that flow slows in the inlet channel as
exhaust is bled off into the neighboring channels and accelerates in the exit channels
as more exhaust enters through the walls.

Sample data indicating the impact of DPF backpressure on increase in vehicle brake-
specific fuel consumption. Adapted from [13].

Total aftertreatment system backpressure in a tractor-trailer experiencing line haul
trucking [13].

Modeling the DPF filter wall as a series of i collector layers, each with its own mass
flow rate in m; and collection efficiency E; [14].

The four mechanisms of particle capture in porous fibrous filters [15].

Varying collection efficiency across the four primary filtration mechanisms in the
DPF channel wall as a function of PM diameter at a given engine operating
condition [15].

Hlustrating the four-stage progtression of soot/PM accumulation in the filter porous
membrane. Adapted from [16].

The entrance region of a DPF (top) and an illustration of the wall region, which
includes soot, ash, and the underlying DPF substrate with pore regions that fill with
PM until they are effectively sealed shut (bottom).

As the DPF fills with ash, regeneration frequency increases. Once the frequency
becomes excessive, the filter is considered to have failed, and must be either
(painstakingly) cleaned or replaced [17].

Illustrating the tradeoff between frequency of exhaust temperature increase during
regeneration and pressure loss penalty due to ash accumulation central to fuel
economy optimization when selecting DPF active regeneration frequency [18].

An illustration of the impact of MCC on DPF backpressure, with anomalous spikes
in backpressure occurring when PM agglomerates block the channel upstream of the

end plug [19].
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A DPF channel experiencing MCC approximately midway along its axial length.

DPF sample from field testing exhibiting premature ash plugs forming in and
anchoring to the mid-channel region [19].

Observed anomalous DPF backpressure where small circles represent instances of
observed MCC [20].

Scan of the plane of observed channels, showing locations of cake layer collapse

[20].

NOx-induced gap formation before (left) and after (right) concave bulging,
supposedly correlated with condensation of water onto/into the soot cake layer [19].

Classic (a) soot oxidation and (b) ash formation models, as well as observed (c) soot
oxidation and (d) ash agglomeration phenomena [21].

Images capturing the progression of soot cake layer oxidation in a DPF with no
exhaust flow at 600 degrees Celsius, which is on the order of the exhaust
temperature during regeneration. The introduction of exhaust flow would both
promote detachment by serving as an axial forcing mechanism, but also provide a
means of convective cooling that may slow the process of ash peeling, sintering, and
agglomeration [21].

Images showing a sequential progression of regeneration at the soot cake and
associated bulk transport of PM layers. Notice that dotted silhouettes indicate the
entrainment and removal of PM sheets from the previous snapshot [21].

X-Ray CT image of a high-density ash anchor in the process of forming MCC / a
MCD. The white dashed line represents the filter wall surface, suggesting that the
ash anchor penetrates ~200 microns into the porous deep bed of the filter,
effectively fixing the agglomerated ash anchor in place [22].

Several images taken by X-ray CT scan of “high-density ash anchors found within
mid-channel ash deposits in problematic field-return DPFs.” Dashed lines are
provided to indicate substrate boundary [22].

An X-Ray CT scan image showing the simultaneous presence of “fast,” large
agglomerates that have together sheared off the DPF cake layer during the
regeneration process, smaller ash particle accumulation and sintering in the substrate
walls and pores, and unexpected soot and ash accumulation upstream of instances of
MCC [22].

Ash density distribution from both field and accelerated engine testing across 103
data points. Mean = 0.29 g / cm’; standard deviation = 0.11 g/cm’ [17].
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3-1

Relative distributions of sources of ash across two ultra-low sulfur diesel (ULSD)
and two biodiesel fuels. Note that it is thought that the three primary mechanisms of
oil consumption in an engine are droplet transport, evaporation, and blow-by [17].

The conventional view of the mechanisms governing ash accumulation and
transport in passively (left) versus actively (right) regenerated DPFs [23, 19].

Optical microscope-rendered images showing the effects of elevated temperatures
on channel ash accumulation and transport for both thicker periodic and thinner
continuous regeneration cases [17, 24].

SEM showing the impact of 5 minutes of exposure to elevated (880 Celsius)
temperatures on ash accumulation in DPF substrate pores [17, 24].

Two plausible modes of interaction between diesel exhaust soot particles and ash
“nanoparticle” precursors: ash embedded into the soot particles (left) and ash
nanoparticles attached to the exterior of soot (right) [17].

Increase in density and reduction in size of ash as a function of temperature [10].

The morphology of ash samples shown at various ambient temperatures, from 25 to
1,150 Celsius. It is plainly evidence that ash sinters and shrinks into high-density
agglomerates as temperature rises [10].

Changes in ash constituent composition (measured via X-ray powder diffraction) as
a function of temperature. Major changes in mechanical properties occur between
800 and 1,000 Celsius. Note the redundant chemical compounds and 25-degree
Celsius labels [23].

XRD, TEM, and SEM scans illustrating how the chemical composition and
morphology of lubricant-derived ash evolves as a function of surrounding gas
temperature [7].

TEM and SEM scans illustrating how the chemical composition and morphology of
lubricant-derived ash evolves as a function of surrounding gas temperature [17].

Molecular dynamics-modeled melting temperature iron nanoparticles across a range
of sizes: 80 to 1000 atoms versus the inverse of particle diameter, for both free
(circles) and supported (triangles) “non-magic-sizes.” Both are “compared with the
linear fit lines of non-magic-sizes.” Note that magic sizes are given in the inset
(smaller) plot at the top right corner of the figure [25].

Nine DPF axial (“side”) cross-sections used in analyzing the location, frequency,
length, density, and spatial consistency of mid-channel deposits in a DPF after a
given engine test cycle has been completed (e.g., a given soot-ash ratio applied until a
threshold ash loading is achieved). The top of these images is the outlet, or
downstream, region end, which is evident due to the presence of clearly discernible
end plugs.
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3-2

3-3

3.4

3-5

3-6

3-7

3-8

3-9

3-13

3-14

The experimental setup used to generate ash/soot that enters a DPF, described
above.

The assembly containing the DPF—and surrounding probes—used during testing.
Pressure and temperature probes are used to measure corresponding flow properties
before and after each major component in the aftertreatment system. One major
drawback of this particular setup is the lack of ability to probe temperature within
the DPF at different locations.

DPF Backpressure results taken across soot-ash ratios from 0.25 to 8.0.

Four-block configuration of the DPF used in experimentation. Fach block consists
of 28-by-28 channels, half of which are inlet and the other half outlet, therefore
exhibiting alternating plugging at the channel ends.

Sample image scans showing two different types of DPF cross-sections: the left
represents a “front” view of the DPF, wheras the right is a “side” view showing the
full axial lengths of the DPF channels. Either can be used independently to analyze
the nature of ash agglomeration within the DPF; both were over the course of this
study.

A series of N “side” view images evenly spaced in the Z-direction that are used to
together represent the full DPF. While there are only 14 open channels in a given
direction for the blocks used in our experimental setup, taking more than 14 cross
sections allows us to obtain multiple snapshots per channel, accounting for intra-

channel variation in PM deposit properties and accumulation intensity.

A front-face view of the block under study, with a ruler for referencing size and
scale.

A side-face view of the block under study, with a ruler for referencing size and scale.
Note that the blocks were individually wrapped and carefully transported from the
site of testing (MIT’s Sloan Automotive Lab) to X-Ray CT scan facilities located a
few miles down the road at Harvard University.

Cycle of work for conducting DPF image analysis.

Raw image JPG file (left) enhanced by adjusting and inverting contrast (right).
Enhanced CT X-Ray image indicating location and axial degree of plugging along
the channels. Note that the densest ash plugs possessed densities ~1 g/cm’, with

most ~0.11-0.54 g/cm’.

A DPF “side” (y — x plane) cross section scan segmented axially into thirds, open
channels numbered from 1 to 14.

“N” scores for each channel-segment combination to indicate visually obstructed
and thus unassessable channel ash accumulation.
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4-1

42

4.4

45

A pixel count (linear) measurement function was used to find ash plug length.
A grayscale-to-color function was used to determine relative plug density / intensity.

“Front” view cross section segmentation for evaluating ash accumulation. Note that
the shading has been inverted from the “side” view such that white ash plugs are
visible on a black background.

Percent of channels plugged across operating Points 1-3. Premature plugging is less
prevalent for Point 1, as well as in a given block’s outer channels.

A 3-dimensional rendering of all ash plugs observed in a DPF via X-Ray CT scans,
consolidated using MATLAB code [16].

Point 1 degree of plugging along the DPF axis according to “front” image analysis.
Point 2 degree of plugging along the DPF axis according to “front” image analysis.
Point 3 degree of plugging along the DPF axis according to “front” image analysis.

Average percentage of channels plugged as a function of axial “third” region and
soot-to-ash ratio. Note that these data align with previous sentiments that there is
relatively far more plugging in the downstream end of the DPF [9].

Axial distribution of ash agglomerates while varying soot-ash ratio from 0.25 to 8.0

[9].

A high-resolution image indicating cross-section plug fraction for individual
channels over the full axial length of the DPF while varying soot-ash ratio [19].

Schematic of the MCC Solid-Plug Model, as per Figure 1-26.

Xmcc
Lerr
on severity of the MCC Problem (e.g., very early versus very late during loading).
The plots are based on numerical simulation of ash-only loaded DPFs with uniform
channel agglomerates. Ash loading therefore reflects the thickness of the ash layer
above the DPF wall interface.

Impact of MCC location m = , ash loading level, and timing of MCC formation

Resistance network reflecting axially non-uniform ash agglomeration in channels
exhibiting MCC.

Effects of non-uniform and fractional plugging of all channels in a filter. Data is
based on numerical simulation, with corresponding frontal cross-sectional plugging
illustrated by sample scan images.

Combined MCC restriction indicated via combined friction factor versus axial
distance for permeable ash agglomerates.
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46

47

5-1

5-2

5-3

5-4

5-5

Effects of the degree of permeability (and thus resistance) of the MCC plugs on
pressure drop. The data points offset to the right indicate converged pressure drop
as overall resistance approaches ® and are thus reflective of the solid plug model.

Effects of MCC plug position and effective resistance on channel backpressure.
Assume nominal values for properties that are not included in a given MCC
instance’s description.

Impact of ash permeability on DPF backpressure, assuming the presence of a solid

ash plug at mid-channel (i.e. m = i— = 0.5).
eff

Impact of ash density on DPF backpressure, assuming the presence of a solid ash

plug at mid-channel (i.e. m = Zmee 0.5).
Lerr

A schematic of the system of interest tailored to illustrating key parameters of
interest in the thermal regeneration model.

Wall temperature as a function of both nondimensional axial distance from the inlet
to outlet end of the DPF, as well as time, according to Bissett. Notice that peak
temperature at mid-channel occurs somewhere between 60 and 100 seconds after
the beginning of regeneration, with global peak temperatures increasing
monotonically in time until they reach a maximum when the peak of the temperature
“wave” reaches the end plug region [26].

Wall temperature as a function of both nondimensional axial distance from the inlet
to outlet end of the DPF, as well as time, according to Wai Cheng and Ian Tracy’s

model. Specific wall temperatures are given at mid-channel (% = 0.5) and the
X J—
- =
generated by Bissett in 1983, which validates the equivalence of our arguably more
intuitive and efficient approach.

location of peak temperature ( 0.99). Notice the striking similarity to results

Regeneration model results across several mechanical properties for a uniform soot
layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t
= 00, prior to the mid-channel region reaching its peak temperature during the
regeneration period. Notice how the peak temperature at x/L = 0.29 has almost
achieved the characteristic sintering temperature of 800 degrees Celsius = 1073
Kelvin.

Regeneration model results across several mechanical properties for a uniform soot
layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t
= 90 when the mid-channel region has reached approximately its peak temperature
for the entire regeneration period. Notice how the peak wall temperature ~1100 K
has exceeded the 1073 Kelvin threshold for sintering of some lubricant-derived ash
(e.g., zinc-based).
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5-13

Regeneration model results across several mechanical properties for a uniform soot
layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t
= 120, after the mid-channel region has reached its peak temperature during the
regeneration period. Notice how the peak temperature of 1118 K has exceeded
characteristic sintering temperature of 1073 Kelvin by 4-5%.

Simulating wall temperature while varying incoming exhaust temperature at time t =
85, when peak temperatutres have been achieved at around the mid-channel (x/L =
0.5) axial location.

Axial wall temperature curves at the time of peak global wall temperature for
differing initial deposit (soot) layer thicknesses, varied from 5 to 25 microns. Note
that for a sintering threshold temperature of 800 Celsius, the maximum permissible
initial deposit layer thickness less just under 10 um; when that wall temperature
bound increases to 900 degrees C, an initial soot thickness prior to regeneration of
over 15 microns then becomes acceptable.

Peak DPF wall temperature versus initial (uniform) soot loading prior regeneration,
assuming 950K exhaust flow and constant space velocity of 40,000 hr~1. We have
included two additional axes to indicate the degrees of (countervailing) backpressure
fuel economy penalty and enthalpy fuel economy penalty that results from excess
fuel burn to induce elevated temperature of the exhaust gas. Note that the
backpressure fuel economy penalty scales approximately linearly with initial uniform
soot loading, while enthalpy losses exhibit an exponential dependency, which aligns
with those dependencies depicted in Figure 1-23.

Determining maximum soot loading prior to regeneration under the assumption that
sintering temperature 800 Celsius may not be exceeded for more than 30 seconds.

Wall temperature as a function of space velocity and time, all else held constant. A
given color corresponds to a given time. There is a clear reduction in peak wall
temperature with increased space velocity during regeneration due to convective
cooling, suggesting that increasing exhaust speed may help reduce peak temperature.
However, doing so requires more energy and prolongs the regeneration period.

Zoomed out peak DPF wall temperature at t = 85 across several initial soot deposit
profiles. At x/L = 0.5, the temperature for the uniform soot layer case is

600 K X 1.736 = 1042 K, whereas at that for a 500 micron (~half the channel
width) soot flake of length 9mm deposited locally on the cake layer at x/L. = 0.5 is
600 K x 1.706 = 1024 K, which represents about a 1.7% reduction in
temperature at that axial location.

Zoomed in peak DPF wall temperature at t = 85 across several initial soot deposit
profiles. At x/L = 0.5, the temperature for the uniform soot layer case is

600 K x 1.736 = 1042 K, whereas at that for a 500 micron (~half the channel
width) soot flake of length 9mm deposited locally on the cake layer at x/L. = 0.5 is
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600 K x 1.706 = 1024 K, which represents about a 1.7% reduction in
temperature at that axial location.

Zoomed out peak DPF wall temperature at t = 130 across several initial soot deposit
profiles. At x/L = 0.5, the temperature fort the uniform soot layer case is

600 K X 1.477 = 886 K, whereas at that for a 500 micron (~half the channel
width) soot flake of length 9mm deposited locally on the cake layer at x/I. = 0.5 is
600 K X 1.489 = 893 K, which represents about a 0.8% increase in temperature
at that axial location.

Zoomed in peak DPF wall temperature at t = 130 across several initial soot deposit
profiles. At x/L = 0.5, the temperature fort the uniform soot layer case is

600 K X 1.477 = 886 K, whereas at that for a 500 micron (~half the channel
width) soot flake of length 9mm deposited locally on the cake layer at x/L. = 0.5 is
600 K X 1.489 = 893 K, which represents about a 0.8% increase in temperature
at that axial location.

FE-SEM images showing a cross-sectional view of DPF during regeneration over
time at 250x magnification clearly illustrating separation between the PM cake layer
and underlying Si-C substrate after around 60 seconds of active regeneration [27].

An illustration of high-level forces at play: lifting, drag, adhesive, and gravitational.
Lifting and drag forces can merely be viewed as orthogonal forces due to the effects
of flow and corresponding to two normal axes along the channel wall. Note the
parallel axial flow Ucpgnner and perpendicular wall flow Uy,qy; [17].

Atomic force microscope measurements of adhesive force across different pairs of
combinations of ash, soot, and substrate materials comprising the DPF wall region

[85].

Attractive force versus particle separation distance for agglomerates of varying size.
It seems that the more neighboring particles one has, the more reinforcing attractive
force one should expect to experience [28].

Critical flow velocity required to remove a dust particle from a substrate versus
particle size [17, 29].

A sample depiction of characteristic force on a given PM agglomerate / patticle as a
function of agglomerate / patticle characteristic size (e.g., diameter). Note that all
other properties of interest (e.g., viscosity) must be properly accounted for as
ambient conditions such as temperature and pressure change.
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Caption
Elemental composition of six different samples of field ash by mass [17].

Required warranty periods specified by the California Air Resources Board for DPFs
as a function of gross vehicle weight rating (GVWR), rated engine power, annual
driving distance, and total mileage on the corresponding vehicle [30].

A summary of the three primary causal mechanisms of MCC available in the
literature as of 2020.

Key ash properties from field-aged DPFs described in six different SAE papers [23].
Key specifications of the diesel engine used in our series of experiments.
Summary of specifications for the DPF used in our bench test apparatus.

Parameters and corresponding values intended to be varied—one at a time—in
order to assess each property’s impact on the development of MCC in DPFs.

Calendar of experimental activities to investigate the impact of several metrics on
ash the behavior of ash accumulation in a DPF.

The first five data points for operating Point 2 (soot : ash = 0.25) showing ash
agglomeration intensity tabulated per channel and corresponding “third” section.
There are quite a few unassessable “N” values in this sample data set.

A description of each plugging intensity score assignable to channel segments. Note
that the presence of full plugging (complete ash bridging of a channel regardless of
axial plug length) anywhere within the channel region fulfills the criterion for a score
Of €62‘77

Ash accumulation data representing “front” view cross sections for the first 15
snapshots of Point 1 (S: A = 1) operation. The data represents the percent of inlet
channels plugged, where 0 corresponds to neglighle or ~0%, 5 to 50% plugging, and
10 to 100% plugging, rounded to the nearest 10% increment.

Key metrics of interest, evaluated using image analysis.

Plugging intensity values across six segments for two batches from the same data set.
Two-tailed Welch’s t-test for Point 1 with the DPF segmented into six regions.
Two-tailed Welch’s t-test for Point 1 with the DPF segmented into three regions.

Two-tailed Welch’s t-test for Point 1 with the DPF segmented into two regions.
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behavior.
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1 Problem Motivation and Background Information

The purpose of this dissertation is to explain the current understanding of the anomalous mid-
channel congestion (MCC) phenomenon that is known to hinder the performance of diesel
particulate filters (DPFs), which are critical components of aftertreatment systems (ATSs) installed
in diesel vehicles. The ATS exists for two primary reasons: first, to convert harmful greenhouse
gases to less harmful compounds (e.g., NO, and CO to Ny, Oy, and CO,) and second, to trap toxic
particulate matter (e.g., soot and lubricant-derived ash) so that it is not released unabated into the
atmosphere. After all, diesel engine exhaust is considered 100 times more hazardous to human
health than exhaust from gasoline combustion, as diesel produces more aldehydes, NOy, and
particulate matter [31]. Its untreated release into the surrounding environment substantially increases
the concentration of greenhouse gases emissions and airborne pollutants that have plagued the skies
of urban and extra-urban centers around the world. Effective operation of the DPF and ATS in
general are therefore vitally important as humans continue to consume billions of barrels of distillate
fuel on an annual basis.

In this opening chapter, we describe historical data related to both the greenhouse effect and air
pollution, which provide motivation for seeking to improve the diesel engine aftertreatment device
that forms the basis of discussion for this dissertation. We correlate the release of both greenhouse
gases and soot from diesel combustion to the development of global warming and worsening of air
pollution, elucidate the projected impact of further global warming and persistent air pollution on
the human condition, and thereby underscore the importance of further reducing greenhouse gas
and soot emissions. We subsequently describe a related anomaly that is been observed to occur in a
device commonly used in diesel vehicles for trapping toxic particulate matter—especially soot—that
results in decreased effective lifetime of the device and reduced fuel economy of the corresponding
vehicle. In doing so, we motivate and introduce the observed, associated problem of premature mid-
channel congestion (MCC) in monolith honeycomb DPFs that forms the basis of discussion for this

dissertation.
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1.1 Global Warming

As of 2020, global warming continues to threaten a sustainable future for humans on planet
Earth and has already contributed to a one-degree Celsius rise in surface temperatures on our

beloved planet over just the past fifty years, as depicted in Figure 1-1.
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Figure 1-1: Average annual global temperatures since 1880 compared to average temperatures over
the period 1951-1980. The light gray circles represent annual data points for temperature anomaly,
whereas the dark plot is generated using the LOWESS locally weighted linear regression model [1].

Moreover, per Figure 1-2, the distribution of temperature change over the past ~50 years has not
been geographically uniform throughout Earth, and instead is more pronounced at northern
latitudes, which significantly elevates the risk of rising global sea levels due to the rapid melting of

arctic glaciers and associated icebergs.
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Difference in average temperatures (°C) over 2010-2019 versus baseline 1951-1978 period
-
-1.0 -0.5 -02 +0.2 +0.5 +1.0 +2.0 +4.0
Figure 1-2: The distribution of Earth’s surface temperature fluctuation over the past ~50 years,
indicating the greatest increase in temperatures on land and especially in the northernmost latitudes

2]

Consequences of achieving a rise in global temperature of 1.5 degrees Celsius above baseline

values include significant risks to human health and safety, increasing food insecurity, threats to
global water supplies, and severely constrained economic growth, all of which become even more
pronounced at two degrees of global warming [32]. NASA has specifically indicated that reaching

just 1.5 degrees Celsius above nominal values will likely result in the following adverse effects [32]:

e several hundred million more people susceptible to climate-induced poverty risks;

e over 10 percent of people on Farth experiencing severe heatwaves once every five years or

more;

e much higher propensity for drought to wreak havoc across most, increasing stress on water
supply stability for up to 50 percent of the world’s population and up to 270 million

additional people without access to enough water by 2050;
e increased instances of heavy rainfall and flooding around the world;

e over 50% of geographic range reduced for 6 percent insects, 8 percent of plants, and 4

percent of the vertebrates;
e increased risks from forest fires, extreme weather events, and invasive species;
e multiple meters rise in sea levels across the planet; and

e gecographic shift to higher latitudes among several marine species with significant damage to

marine ecosystems.
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This list of effects due to global warming is not exhaustive and becomes both significantly longer
and exponentially more intense in magnitude as global surface temperature increases rise above 1.5
degrees Celsius to 2 degrees and beyond. Unsurprisingly then, the ultimate goal espoused by NASA
and climate scientists is to limit the upward shift in global temperature to no more than 1.5 degrees
Celsius [32].

The two primary causal mechanisms of global warming are thought to be greenhouse gas
(GHG) emissions and the release of black carbon—or soot—into the atmosphere [33, 34]. GHGs
are widely considered to be the primary contributor to global warming, and in 2001 Jacobson
published in Nature that soot may be responsible for 15-30% of the temperature increase
experienced by the planet post-industrial age due in part to their prolonged lingering in the
atmosphere, reflection of heat back down onto the Earth’s surface, and propensity to serve as
nucleation points for condensation of atmospheric moisture that generates heat-reflecting clouds
[33, 35]. Similarly, in 2013 a study conducted by the University of Washington suggested that black
carbon aerosols are the second greatest contributor to global warming behind GHGs [34]. These
findings relate to the aftertreatment system core to this thesis because greenhouse gas emissions
increase as engine fuel economy decreases because more fuel must be consumed (and exhaust
generated) for a given number of miles driven. Furthermore, substantial volume of soot is produced
during the diesel combustion process. If filters fail to trap this toxic particulate matter prior to it
exiting the tailpipe, then emitted black carbon particles enter the atmosphere and may contribute

significantly to air pollution and global warming.

1.2 The Greenhouse Effect and Transportation

GHGs are responsible for promoting the greenhouse effect, in which they trap heat that would
otherwise escape the Earth’s atmosphere, thereby warming the planet. It has been reliably
determined that human activities are responsible for virtually all increases in GHG release into the
atmosphere over the past 150 years. Figures 1-1 through 1-4 suggest that human-derived greenhouse
emissions are responsible for the one-degree Celsius increase in global temperature rise that Earth
has already experienced since the pre-industrial era.

The volume of global GHGs has been exponentially increasing since 1900, with an inflection
point in 1950 marking an increase in growth rate of GHG emissions to the approximately
twentyfold above pre-industrial levels that the Earth is currently experiencing, per Figure 1-3 [4,5].

Only in the past few years have we seen a slight reduction in the annual rate of growth of GHG
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emissions, and to prevent Earth from reaching either a 1.5- or 2-degree Celsius increase in global

surface temperature, GHG emissions must continue to be markedly reduced, and on a global scale.
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Figure 1-3: Global CO; emissions (billions of tons) and atmospheric CO, concentration (in parts
per million) over the past 270 years, to illustrate the acceleration of greenhouse gas emissions since
the Industrial Revolution [3].

As demonstrated in Figures 1-3 and 1-4, planet Earth has seen an over 35% increase in
atmospheric carbon dioxide compared to the peak concentration thought to exist over the past
800,000 years, rising to over 410ppm as of 2020 from a pre-industrial era high of 300ppm [3]. Note
that atmospheric carbon dioxide abundance was only approximately 330ppm as of 1975,
representing a marked, steady growth in CO; concentration just within the past 45 years [3]! Without
significant, sustained efforts to abate carbon emissions, this figure is surely to continue to rise, along

with an undesirable, concomitant rise in temperatures across the globe.
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Figure 1-4: Concentration of CO; in Earth’s atmosphere over the past 800,000 years in parts per
million [3].

As of 2010, transportation accounts for 14% of global greenhouse gas (GHG) emissions,
almost 95% of which are derived from petroleum based-fuels—Iargely gasoline and diesel [4].
However, if we take the perspective of GHGs by gas type, 65% of global emissions are the result of
carbon dioxide generated via the combustion of fossil fuels and industrial processes, which is
staggering. Another 11% of GHGs are carbon dioxide emitted in forestry and various other land use

applications, elaborated in Figure 1-5 [4].
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Figure 1-5: Greenhouse gas emissions by type and origin of gas [4].

In terms of geographic distribution, as of 2014 some 30% of carbon dioxide emissions from
combustion and industrial processes are thought to emanate from China, 15% from the U.S., and
9% from the EU-28 [4]. Additional data is readily available for the United States, as follows.
According to the United States Environmental Protection Agency (EPA), transportation is the
top greenhouse gas emitting generating sector in the United States, having recently overtaken
electricity generation as the leading source of GHGs, expressed in Figure 1-6. Transportation
accounts for over 28 percent of all 2018 U.S. emissions and consists of exhaust from trucks, ships,
trains, planes, and automobiles. According to the EPA, as of 2018, 82% of transportation-related
GHG emissions are attributable to ground vehicles: light-duty vehicles (at 59%) and medium- and
heavy-duty trucks (23%). Ground vehicles are thus responsible for almost 4 of all GHG emissions

produced in the United States, which is substantial [36].

28



8,000

6,000

Transportation = 28%

4,000 Electricity = 27%

Industry = 22%

CO, equivalent emissions
(millions of metric tons)

o
o
o
o

0
1990 1995 2000 2005 2010 2015

Year

® Transportation @ Electricity generation &) Industry @ Agriculture
@ Commercial ' Residential

Figure 1-6: U.S. greenhouse gas emissions by economic sector, 1990-2018. Total Emissions in 2018
= 6,077 Million Metric Tons of CO, equivalent. Percentages may not add up to 100% due to
independent rounding. Note that the 12 percent greenhouse gas emissions offset by land use and
forestry has not been included [5].

Over 90 percent of the fuel used for transportation is petroleum-based and includes primarily
gasoline and diesel (distillate) [5]. The U.S. Energy Information Administration has estimated that in
2018 alone, the consumption of diesel fuel by the U.S. transportation sector produced nearly 500
million metric tons of CO,, accounting for around 4 of total transportation sector CO; almost 9%
of total U.S. CO; emissions in the energy space [37].

Since transportation will continue to represent a critical need of not only the American people
but generally the ever-increasing supply and wealth of humans around the world, the EPA has
outlined four major opportunities for GHG reduction in transportation [5]. They include [38]:

1) developing alternative fuel sources such as biofuels, hydrogen, and electricity from renewable
energy sources;

2) improving the efficiency of existing vehicle types with new technology and designs;

3) implementing more efficient operating protocols; and

4) reducing demand for travel.
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This thesis focuses on the second point: specifically, contributing knowledge toward a technical flaw

inherent in the current implementation of particulate filters in diesel vehicle aftertreatment systems.

1.3 Soot Generation, Public Health, and Transportation

Operating with engine aftertreatment systems does adversely affect the environment by
reducing fuel economy via the backpressure the systems introduce by virtue of their presenting
resistance to the exhaust flow. However, they of course do so to serve their primary purpose: that of
preventing harmful particulate matter from escaping unabated into the atmosphere. Not only is
black carbon—the primary component of soot, a major contributor to global warming (responsible
for some 15-30% of global temperature rise, as previously mentioned); soot is also directly
responsible for adversely impacting the health and safety of humans across the globe [33]. Small
airborne particulate matter is often classified by its characteristic size, or effective diameter. The
most consequential (or hazardous) particles are those referred to as PMas or PMio, which indicates
characteristic size in microns. Sources of PMysand PM include both man-made (i.e. anthropogenic,
including combustion and industrial processes) and natural (i.e. non-anthropogenic, including soil
and dust re-suspension in arid areas) contributors. The California Air Resources Board (CARB)
states that the majority of PMy; is derived from the products of combustion [39].

Consisting of carbonaceous soot particles on the order of 30 to 500nm (so less than 1 micron)
in diameter, diesel PM presents a particularly egregious hazard to human health not only due to its
small size, but also because it is known to contain over 40 carcinogenic compounds, most of which
are readily absorbed onto soot particles [11, 12]. In fact, over the years government research
institutions have bolstered the claim that soot is carcinogenic—e.g., via the following timeline:

e in 1998, California Environmental Protection agency classified diesel PM as a toxic air

contaminant because of its potential to cause cancer [40];

e in 2000 the National Toxicology Program (NTP) listed diesel exhaust particles as

“reasonably anticipated to be a” carcinogen to humans [40];

e in 2002 the United States EPA stated that diesel emissions are “likely to be carcinogenic to

humans” [40];

e in 2009 the same institution stipulated a causal relationship between particulate matter (like

diesel PM) and premature mortality; and
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e in 2012 the International Agency for Research on Cancer (IARC)—part of the World Health
Organization—classified diesel as “carcinogenic to humans,” with enough evidence having
been accumulated to declare diesel exhaust a cause of lunch cancer [40].

As far as quantifiable impact on human health and safety, CARB suggests that diesel emissions
are attributable to around 70% of the cancer risk derived from air contaminants in California. The
organization goes on to explain that diesel PM comprises around 8% of outdoor PM.s, a known
health hazard linked to several medical ailments such as heart and respiratory diseases that ultimately
result in increased hospitalizations and premature death [40]. CARB specifically estimates that diesel
emissions are responsible for around 1,500 annual premature deaths due to cardiovascular disease in
California [40]. A popular experiment conducted from 1974 to 2009 known as the Harvard Six

Cities Study tracked adults across six major United States cities in an attempt to link the impact of

air pollution on excess mortality in humans [41]. The study associated a 2.5 % decrease in PM;s

(from a baseline of around 15 %) to a 3.5% reduction in “all-cause mortality” [41]. A related

experiment concluded that a reduction in fine PM pollution in the United States during the 1980s
and 1990s is attributable to some 15% of the nearly 3-year increase in life expectancy experienced
during that period [41].

Unfortunately, the vast majority of the world’s population continues to be exposed to fine PM

in excess of the amounts recommended by WHO in their air quality guideline (AQG), which in the
case of PMy is a threshold atmospheric concentration of 20 % [41]. The perhaps surprisingly high

degree of global PM exposure is illustrated in Figure 1-7 below. One observes that almost the entire
population of every country in the world is exposed to excessive concentrations of PM;o. In Europe,
for instance, over 80% of the cities for which PM data exists experience PMjqlevels in excess of

those prescribed by WHO guidelines.
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Figure 1-7: The share of the world’s population exposed to PMa;s levels above the WHO guidelines
espoused in 2016 [6].

In China, the world’s most populous country as of 2020—containing some 1.4 billion
humans—the picture is particularly grim, with over 90% of the vast quantities of PM emissions
there attributable to diesel vehicles, which account for less than 10% of China’s vehicle population
as of 2020 [42]. While according to a 2020 study air quality across 338 cities in China had been

improving over the prior 5 years, the average annual PMz ;s concentration across the cities under

study ranged from 9 to 74 'u—g3, averaging around 40 'u—g3, and the average annual PM;, concentration
m m

spanned from 23 to 154 %, with an average of over 70 % [43]. These values are is clearly well

above the 20 u_g3 air quality guideline set by the WHO for PM; levels, and still exceeds the “second-
m

level concentration limit” related to the Blue Sky Defense Battle set by China itself [43]. In 2015,

average levels of PMa; in Beijing (population ~22 million) were found to range from a low seasonal
value of 65 M—‘Z in the summer to around 90 u_g3 in the fall, with PM values approximately double,

m m
which implies an average annual sub-10-micron particle air density—exceeding the WHO AQG by a

factor of 8 [44]! Average seasonal PM»; values were found to vary from 40 to 75 ;—93 in Shanghai

(population ~24 million) and from 30 to 60 T’;—g:,; in Guangzhou, with PM;, values again approximately
double in both locations [44]. There is widespread consensus that both on- and off-road diesel
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engine emissions plays a major role in the sustained high PM concentrations suspended over many

Chinese cities in thick, hazy, toxic clouds.

1.4 Diesel Engines and Aftertreatment Systems

As the focus of this dissertation is to investigate causality of an adverse phenomenon
transpiring in the (exhaust) aftertreatment system of diesel engines that results in increased
greenhouse gas and (potentially also) soot release into the atmosphere, it is appropriate to review
these engines and systems. Recall that diesel (or compression-ignition) engines differ from their
gasoline counterparts in a few important ways, and while they generate both better fuel economy
and higher thermal efficiency, the relatively large amount of particulate matter they generate
necessitates the use of filtration and catalytic converters. The first major difference between the
engine types is that diesels do not use spark plugs to ignite the air-fuel mixture in the power cylinder.
Instead glow plugs are used to warm the combustion cylinder and the air-fuel mixture spontaneously
ignites (or undergoes autoignition) to initiate the combustion process. More specifically, at around
20 degrees before top-dead center, a liquid fuel jet is injected into the cylinder where it atomizes into
droplets, then evaporates into vapor and mixes with entrained air until proportions amenable to
combustion are achieved. Temperature and pressure rise to exceed the fuel’s ignition point, and
autoignition commences after a brief “delay period” [45]. A second major difference between spark-
ignition (gasoline) and autoignition (diesel) engines is that, for diesel engines, only air is inducted into
the cylinder, as the fuel spray is injected just before combustion is required to commence [45].
Diesel engines are generally categorized as either direct-injection or indirect-injection depending on
whether the combustion chamber consists solely of a single open region or instead also an additional
chamber called the prechamber in which more rapid air-fuel mixing is promoted.

Diesel fuel combustion products consist mostly of nitrogen (N»), carbon dioxide, water, and
oxygen. Since diesel engines operate substantially leaner than stoichiometric with equivalence ratios
(quotient of actual fuel/air ratio divided by stoichiometric fuel/air ratio) of ¢ < 0.8, the diesel
combustion process is effectively complete with a combustion inefficiency of < 2 percent [406].
Diesel exhaust gas composition is therefore relatively straightforward, with CO; and O, essentially
trading off until all oxygen is converted into carbon dioxide at a fuel/air equivalence ratio of around
unity, where the mole fraction of CO.is approximately 15% [40]. It is generally agreed upon that

emissions of CO and unburned hydrocarbons are low for diesel engines [40].
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While diesel combustion has high efficiency and runs virtually to completion, it is also
characterized by nonuniform fuel distribution given the means of fuel injection applied and the
simultaneous entrainment of lubricant into the combusting air-fuel mixture. Figure 1-8 illustrates the

relative composition of diesel exhaust.

N,

Co,

Figure 1-8: Chemical composition of diesel exhaust emissions. Note that while pollutants represent
less than 1% of diesel exhaust volume, its unabated release into the environment is highly
deleterious human health [7].

" Pollutant emissions (< 1% volume)

It is known that pollutant formation during combustion depends largely on the evolution of fuel
distribution during mixing, which in the case of diesel results in exhaust that is composed of
significant quantities of NOy (mostly NO with some NO>), unburned hydrocarbons, and soot. It is
the general consensus that over 99% of the particle mass emitted by modern diesel engines is soot,
which is combustible and comprised of primarily carbon but also sulfate and other organic
compounds; the remaining 1% of consists of incombustible ash [21].

Figure 1-9 shows that NOx forms in the nonuniform burned gas regions characterized by high
temperatures, especially where the mixture is close to stoichiometric [8]. NO is generated primarily
when atmospheric N is oxidized, though NO may also form via the oxidation of nitrogen contained
in diesel fuel, which for heavy distillates can constitute over 2% of the weight of the fuel [8]. NO is
thought to be formed by way of the Zeldovich mechanism in the case of stoichiometric fuel-air

mixtures [8]:

O+N,—>NO+N (1.1)
N+0,->NO+0 (1.2)
N+OH—> NO+H (1.3)
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While the presence of NO; is sometimes considered trivial compared to that of NO, NO; can
represent up to 30% of total nitrogen exhaust oxide emissions. NO is rapidly converted to NO, by
way of reactions like [§]:
NO+ HO, - NO, + OH (1.4)

Per Figure 1-9, soot (also known as carbonaceous material) forms in the core regions of the fuel
sprays that contain rich, unburned fuel vapor that is heated by mixing with hot unburned gases and
oxidized in the flame zone when encountering oxygen. This occurs between about 1000 and 2800K,
at pressures of 50 to 100 bar, with sufficient air oxidizing all of the fuel. Most diesel particulate
matter consists of soot to which some other organic compounds are attached [8]. The bulk of soot
consists of additives contained in lubricating oils and, to a lesser extent, metals (e.g., iron oxide)
resulting from engine wear, exhaust system corrosion byproducts, and trace metals cerium and iron
contained in diesel fuel [47, 48]. Lubricant-derived ash is thus the term often used to describe ash
that is accumulated in the aftertreatment system. It consists primary of calcium, zinc, manganese,
phosphorus, and sulfur compounds that are intrinsic to lubricant formulations, as shown in Table 1-
1 based on analysis of field ash samples [47]. Fuel-borne metals are more prominent when fuel-

borne catalysts are used.

Table 1-1: Elemental composition of six different samples of field ash by mass [17, 49].
% Composition of Ash Samples by Mass

Element Ash A Ash B Ash C Ash D Ash E Ash F Ash G
Calcium 28 21.56 16.18 20.37 22.04 17.9 33.5
Zinc 15 9.94 10.72 10.05 10.01 11 23.5
Magnesium - 0.2 5.31 0.35 0.25 1.8 1.5
Iron 1.8 1.43 1.52 1.34 1.95 0.56 2.5
Sulfur - 14.64 11.36 14.58 15.65 - 10.5
Phosphorus 1.3 6.95 9.79 6.92 6.91 7.44 21
Potassium - 0.05 - 0.14 0.06 0.23 1
Sodium - 0.69 0.23 0.88 0.93 0.2 -
Oxygen - 41.51 43.49 41.7 37.05 - -

Silicon - - - - - - 2.5
Aluminum - - - - - - 3
Total 46.1 96.97 98.6 96.33 94.85 39.13 99

Hydrocarbons (HCs) and aldehydes are generated where the flame quenches along the cylinder

walls, where dilution with air prevents complete oxidation of the fuel and where fuel vaporizes in the
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nozzle sac volume region late in combustion [8]. Unburned HC emissions are thought to increase

with increase as deposits accumulate along the wall of the combustion chamber [8].

White/yellow
Lean flame- Initial rapid Flame Burned gas flame > soot
out > HCs combustion quench on - NO oxidation

Burned gas  noise walls = Fuel jet rich

- NO Fuel jet HCs zones = soot
mixing with formation
air = rich
mixture Fuel vapor
from nozzle
sac volume
Premixed Flame Mixing Controlled Flame

Figure 1-9: Pollutant formation in a direct-injection diesel engine during two combustion
approaches. Air and fuel mix prior to entering the combustion zone in the premixed case [8, 9].

The aftertreatment system for diesel engines consists of exhaust pipes, catalytic converters, and
particulate filters. The three most prominent components of the system are: a diesel oxide catalyst
(DOC), a diesel particulate filter (DPF), and the Selective Catalytic Reduction (SCR) system,
illustrated below in Figure 1-10. Other components sometimes include ammonia oxidation (AMOX)
catalyst and lean NOx traps (LNTSs) [13, 14]. A common integrated aftertreatment system model
involves variable configurations of the three major components, such as SCR forward (DOC-SCR-
DPF) and DPF forward (DOC-DPF-SCR) systems, to name two such configurations [50]. The DPF

forward configuration is illustrated in Figure 1-10 immediately below.
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Figure 1-10: Key aftertreatment components through which the incoming engine exhaust passes
prior to escaping the vehicle and entering the ambient atmosphere.

The DOC’s main purpose is to covert carbon monoxide and other hydrocarbons into CO, and
water, in addition to converting NO to NOs,. It is often assumed that the DOC oxidizes all soluble
organic fractions (SOFs) of PM so that only the elemental carbon fraction (i.e. soot) is passed

through to be filtered and oxidized downstream in the DPF [50]. The purpose of the SCR system is
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to facilitate the conversion of NOj to Ny, as well as promote ammonia adsorption, desorption, and
oxidation [50]. The DPF is designed to physically trap solid particulate matter entrained in the
exhaust flow, and further oxidize soot so that virtually all incompletely combusted matter is
converted to ash, which occupies much smaller volume such that the volume ratio of ash to the

corresponding pre-oxidized soot is on the order of 1 to 100, respectively [21].

1.5 Diesel Particulate Filters

The intent of this research effort is to help identify the primary causal mechanisms of
(premature) mid-channel congestion (MCC) in diesel particulate filters (DPFs). A general illustration

of a DPF is provided in Figure 1-11.

Filter

Inlet from
engine

Outlet to
tailpipe

0

Diesel Particulate Filter

Figure 1-11: A classically cylindrical diesel particulate filter (DPF) enclosed in its metal encasing.

The device itself has grown significantly in popularity since it was first introduced in the 1980s,
in no small part due to its effectively required use across several diesel vehicle classes in many global

markets due to increased stringency of vehicle emissions standards, as expressed in Figure 1-12.
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Figure 1-12: Increased stringency of PM emissions requirements as enforced by U.S. and EU
regulators. Notice how the acceptable PM emissions in the U.S. as of 2007 was less than 1% that
what it was just 17 years prior in 1990 [10].

There are conflicting views regarding the DPEF’s popularity in the coming years, though there is
consensus that it will continue to play a major role in global transportation in the foreseeable future.
According to one market report, the global annual growth rate of DPF sales is expected to remain
strong in the foreseeable future and eclipse 8% on a compounded annual basis through 2025 [51].
However, according to a recent report on transportation published by McKinsey & Company, while
the global market for gasoline particulate filters (GPFs) is expected to rise over the period 2018-
2025, the market for DPFs is anticipated to decline at a 5% CAGR over the same time period [11].
McKinsey’s projections—segmented into both powertrain types and global geographies—are shown

in Figure 1-13 below.

38



FCEV EBEV PHEV [l HEV I 48V gasoline = 48V diesel M ICE gasoline [l ICE diesel

Regional split
USD billions, CAGR 2018-25E in percent

Greater China Europe North America South Korea, Japan  South Asia RowW

Regulation components: Particulate filter

_hiﬁ-:-__

6.7% -3.4% 2.0% 0.8% 0.0% 8.1%

Figure 1-13: Cumulative annual growth rate (CAGR) predictions by McKinsey & Company for
particulate filters, segmented by region and vehicle propulsion type. Note that the diesel internal
combustion engines central to this thesis are represented by the color black [11].

It is interesting that while the use of DPFs is expected to decline precipitously in Europe over 2018-
2025 and significantly in North America, South Korea, and Japan, its use is anticipated to remain flat
in its greatest market China, as well as in South Asia and the rest of the world (RoW). Also notice
how the market for PFs is expected to grow in every geographic region except Europe, and by over
50% in China. This seems to be largely driven by an expected substantial rise in the use of PFs on
hybrid vehicles.

DPFs generally cost between $5,000 and $15,000 for passive systems, depending in size and
application, and can run upwards of $50,000 for an active DPF installed in large nonroad equipment
[30]. DPFs are therefore nontrivial investments for companies and individual consumers alike, with
unexpected replacements potentially causing economic hardship for owners and operators. To
combat reliability anxiety experienced by operators of DPFs, the California Air Resources Board
(CARB) has established standards for warranty periods on CARB-certified retrofit technologies,
shown in Table 1-2. Note that warrantied mileage rises as gross vehicle weight grows, corresponding
to higher costs borne by DPF part manufacturers in the case of premature component failure. It is
perhaps in part due to these stringent requirements—especially the case of unlimited mileage
warranties in the first two years of ownership for the heaviest-duty diesel engines—that suppliers of
DPFs are keenly interested in understanding the causes of, and thus providing mitigating measures

for, premature congestion (and sometimes failure) of these aftertreatment devices.

39



Table 1-2: Required warranty periods specified by the California Air Resources Board for DPFs as a
function of gross vehicle weight rating (GVWR), rated engine power, annual driving distance, and
total mileage on the corresponding vehicle [30].

Category # Classification Metric Limit Warranty Period
Gross Vehicle Weight Rating  more than 33,000 pounds
1 Horsepower more than 100,000 Two years and unlimited
Miles operated per year more than 100,000 miles operated
Total vehicle miles less than 300,000
5 Gross Vehicle Weight Rating  more than 33,000 Five years or 150,000 miles
Horsepower more than 250 operated

between 19,500 and 33,000

pounds

3 Gross Vehicle Weight Rating Five years or 100,000 miles

4 Gross Vehicle Weight Rating  less than 19,000 pounds Five years or 60,000 miles

As far as their efficacy is concerned, DPFs are known to reduce emissions of particulate matter
by upwards of 95%, and certain DPFs can reduce emissions of hydrocarbons and carbon monoxide
by 70 to 90 percent via their catalyzed substrates / washcoats [30]. The devices are, however, also
known to increase NO; emissions and thus the proportion of NO; relative to total NO, emissions,
in part due to their catalytic coatings that facilitate regeneration at lower exhaust temperatures [30].
DPFs are required to be cleaned either biannually or annually, which is determined by the measured
backpressure imposed by the DPF, with greater pressure corresponding to more clogging of the
filter. The EPA stipulates that nominally operated DPFs should reasonably be expected to remain
effective throughout the lifetime of the vehicle, which they define as 5-10 years or 10,000+ hours of
operation [30].

The filters have been installed in the tailpipes of diesel-powered vehicles since the 1980s—when
they were first introduced onto compact passenger vehicles in Europe—to prevent the unabated
release of harmful particulate matter (PM) into the Earth’s atmosphere at a time when air pollution
was wreaking havoc across the globe [52]. These eatly filters, however, suffered from reliability
issues, preventing their widespread use until more robust variants were developed in the 2000s [53].

The standard DPF is characterized by a ceramic monolithic honeycomb configuration with a
grid of square channels that are plugged at alternating ends, as shown in Figure 1-14. This staggered
grid plugging stands in contrast to flow-through configuration inherent in the diesel oxide catalyst
device, in which all channels are open. The DPF sits downstream of the engine, where it is used to
trap soot, ash, and other potentially harmful exhaust products within its channels so that those

noxious products are not released into the environment. Within each channel, particulate matter
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(consisting of soot and ash) accumulates either along the sides of the channel—known as the “cake
layer” region—or alternatively at the far end of the channel where accumulated PM is collectively
referred to as the “end plug.” While end plug accumulation is not depicted on the schematic
provided to the patent office by GM in 1983, it is now widely understood that end plug
accumulation is very common and is the dominant mode when active regeneration is used, as

subsequently discussed in this thesis.

Most incoming ash
' and soot is trapped
%\ at the far (i.e.
D/ downstream) end
; : of the DPF in the
9. end plugs

= Y27 — PM “cake layers”

“End plug” region

T a7

Figure 1-14: Annotated wall-flow monolith filter patent filed by General Motors in 1983 [12].

Over 99% of the particulate matter (PM) collected in the DPF is combustible soot and consists
of approximately 1% highly volatile, 12% medium volatile, and 87% combustible PM that can be
oxidized to CO; periodically or continuously via a process called regeneration [54]. The remaining
incombustibles, known as ash and comprising < 1% of the PM collected in the DPF, accumulate
continuously, thereby heightening flow restriction in the exhaust. The elevated exhaust backpressure
causes increased engine fuel consumption and other performance problems. DPFs were more
widely introduced commercially in the 2000s, which coincided with a step change in vehicular PM
emissions standards in the US, Europe and Japan. Scientific study focusing on addressing the
problem of adverse ash accumulation in DPFs in university settings began in the mid-2000s.

In the prevalent DPF configuration, there are hundreds of filter channels per square inch
organized in a honeycomb arrangement and alternating between being plugged (i.e. closed off) at the

incoming end and plugged at the downstream end where ash and soot entrained in the exhaust gases
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accumulate. The channel walls are usually made of either cordierite ceramic or silicon carbide (SiC).
The side walls of each channel lie tangent to the direction of the incoming exhaust stream and are

porous, permitting the flow of exhaust gases through them while soot and ash are trapped inside of
their pores, lodged on the outside of channel walls (i.e. on the “cake layers”), or accumulated at the
far downstream end plug region of the channels. The nature of flow through a given DPF channel,

along with the concepts of cake layer and end plug, are illustrated in Figure 1-15.
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Figure 1-15: A not-to-scale depiction of exhaust flow and combustion of soot during regeneration.
Characteristic length is 30cm whereas channel width is about 1mm. Note also that the magnitude of
velocity through the walls is actually much smaller (on the order of 1%) than that in the channels
due to continuity. However, the illustration is intended to depict the idea that flow slows in the inlet
channel as exhaust is bled off into the neighboring channels and accelerates in the exit channels as
more exhaust enters through the walls.

1.5.1 DPF Performance Modeling

DPF performance (i.e. efficacy) is often used to describe the backpressure that a DPF imposes
onto the engine exhaust system, which requires the engine to consume more fuel in order to both
deliver a given amount of power to the drivetrain (and wheels in the case of an automobile), and

overcome the frictional losses required to drive the exhaust out of the tailpipe. Elevated
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backpressure is therefore often correlated with increases brake-specific fuel consumption (BSFC),

which is the rate of fuel consumption 1 divided by brake power Ppyqie produced [55]:

e [28]- 7

- |9
mg iy [§]
bsfc [—] = (1.5b)
J Pprake [kW]
In 2020 while optimistically discussing potential improvements in aftertreatment design

optimization, Viswanathan et al. provided data showing the characteristic impact of DPF and

aftertreatment system (ATS) backpressure on BSFC, per Figures 1-16 and 1-17 below.
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Figure 1-16: Sample data indicating the impact of DPF backpressure on increase in vehicle brake-
specific fuel consumption. Adapted from [13].

The authors also provided data that compare total ATS versus distance traveled “on a line haul

truck” that had accumulated PM during over 600,000 kilometers of operation [13].
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Figure 1-17: Total aftertreatment system backpressure in a tractor-trailer experiencing line haul
trucking [13].

Notice that if we map the backpressure experienced by the line haul truck in Figure 1-17 to the
DPF-BSFC relation shown in Figure 1-16, we can conclude that the truck experienced around a
1.0% decrease in fuel economy due to the presence of ATS, which is significant in the industry.
Analytical and numerical expressions for pressure drop experienced in both clean and PM-
loaded DPFs have evolved significantly, having been presented in a variety of different forms by
dozens of researchers over the past 31 years [26, 56, 57, 14, 58, 59, 60, 61, 62, 63]. The models come
in one of two flavors: one involving relatively straight-forward algebraic expressions that are derived
from parametric studies of empirical data, and the other involving rigorous analysis and solving of
differential conservation equations originally presented by Bissett [26]. The progression of milestone
models beyond Bissett’s may be described as follows:
1) In 1989, Konstandopoulos et al. first presenting a Darcian closed-form analytical expression
for DPF pressure drop assuming Darcian flow and a clean unloaded filter, as a function of
DPF geometry and material parameters and exhaust properties [50];
2) In 1999, Konstandopoulos et al. extended their 1989 work by presenting pressure drop
across the wall to consider the case in which non-Darcian flow effects are relevant—that is,

when the Reynolds number of the flow through the wall is much less than unity [57, 56];
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3) 1In 2000, Konstandopoulos et al. extended their 1989 work to include a layer of soot on the
DPF substrate, assuming Darcian flow, and referred to the 1999 paper for incorporating
non-Darcian effects across the wall; and

4) In 2004, Gaiser and Mucha suggest that the addition of an ash layer to the soot layer
presented in 2000 presents a significant new contribution to pressure drop and
consequently derived an expression for backpressure over the effective length, considering
ash and soot properties independently [59].

The general consensus is that the pressure drop can be decomposed into five different components,
each corresponding to different regions of the filter. These regions include the 1) inlet and 2) outlet
cones that suffer respectively from compression and expansion losses, the 3) inlet and 4) outlet filter
channels experiencing channel flow pressure drop, and the porous wall region—which includes the
DPF substrate and PM layers—across which Darcian and non-Darcian pressure drop is experienced,

such that,

APTotal = APinlet cone + APinletf channel + prall + APoutlet channel + APoutflet cone (1-6)

The middle three regions are shown in Figure 1-15 above, and one version of the inlet and outlet
regions is depicted in Figure 1-11, though the inlet may also be imagined as a diverging nozzle to the
left Figure 1-15 and the outlet cone a converging nozzle to the right.

Perhaps the most convincing set of simplified expressions for each pressure drop component is
given by Konstandopoulos et al. in their 2000 “Fundamental Studies” article that extended the
standard unladen closed-form pressure drop model by presenting an updated closed-form
expression for backpressure considering PM loaded onto the DPF wall, which was validated via
“presumably exact” 3-dimensional fluids simulations [14]. The constituent equations are given
below, and assumes Darcian flow in the porous wall, no flow through the blocked ends of the DPF
filter channels, and a uniform PM (labeled soot in the paper) layer over the wall substrate.

Note these equations extend that derived by Konstandopoulos et al. via parametric studies
showing via empirical data that the total pressure drop across the DPF can be modeled as a function
of just two dimensionless variables (41 and A, per page 109 of the 1989 SAE paper) [56]. That is,

the more rigorous solution is simplified and can be “excellently described” by the following

expressions representing a first order expansion in A, as 1 + (g) A, [57].
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The first term is essentially a scaled version of the dynamic (i.e. inertial) pressure of the fluid
passing through the diverging inlet cone, and is the result of expansion flow losses in a cone with
rapidly changing cross sectional area [64]:

{epUf
APipjet cone = % (1.7)

The parameter (g is thought to vary from 0.2 to 0.8 depending on “area blockage ratio” and
Reynolds number [14]. The factor for the inlet cone was given as 0.25 in one early study [64]. The
inlet channel pressure drop is expressed as a function of exhaust stream volumetric flow rate Q =
N - p-uy(x = 0) - bfy—where N is the number of open channels in the DPF, filter volume Vrrap,
loaded filter width by, wall thickness s,,, PM layer thickness Sg44, and flow factor F = 28.454
[14].

2
1 . »

AP: = (b +s )2 l
inlet channel 2Vrrap K W2 13(bry — 2S514)2

Assuming Darcian flow (i.e. viscous such that Reynolds number < 1), the pressure drop across the
PM layer and DPF substrate may be expressed as follows, where k; represents material i's

permeability, and D is the diameter of the DPF filter. Konstandopoulos, again, considered only soot

when describing the PM atop the DPF wall substrate, which we here label as PM.

uQ(by + Sw)z bk
AP = -l ( > 1.10
PM layer LT[DkaM n bK _ 255+a ( )
uQ s
APppr substrate = 2V, (bx + Sw)2 (k V;;}() (1.11)
rap w

The pressure drop through the exit channel is, unsurprisingly, of the same form as that for the inlet

channel, except of course the channel walls are free of any particulate matter PM deposits, yielding:

4F1?
APyytiet channel = & (bx + Sw)z < 2) (1.12)
2VTrap 3bL0

Similarly, the pressure drop due to flow contraction losses through the converging outlet cone can

be written is equivalent to that for the region immediately upstream of the DPF:
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{epU;
APyytiet cone = % (1-13)

Summing the above equations yields then the total pressure drop across the DPF, assuming Darcian

flow across the wall region.

uQ
APiorqr = oV (bK + Sw)z {
Trap

Sw + 1 ] ( bx ) 4 4F 2 l 1 N 1 l} (1.14)
n .
kwbx ~ 2kpy b 3 |(bk — 25540)* bLO4

It is interesting to note that many papers describing models for pressure drop across the DPF,

K — 2Ss+a

including the this dissertation with the model presented in Chapter 4, neglect the inlet and outlet
cone regions. Konstandopolous reasoned that these expansion and compression losses are negligible
relative to the total pressure drop cross the loaded filter, typically by 2 to 3 orders of magnitude [14].
However, an early 1982 study by Cummins engines researchers Mogaka et al. expressed that these
“end losses” due to rapid contraction and expansion of the exhaust flow in inlet and outlet cones
amount to some 5% of total DPF back pressure, which is arguably not negligible [64].

The more rigorous derivation for pressure drop, yielding a relatively complicated result, was
derived by Konstandopoulos et al., who applied a subset of the original set of equations proposed
by Bissett [56, 26]. The model presented here reflects clean (unloaded) filters and is extended to
include loaded DPFs with MCC in Chapter 4 of this dissertation. The expression for an unloaded,

Darcian filter is as follows, with terms defined in the appendices:
~ C1 cy 1
APtotal = Al + AZ [q_ (eq1 - 1) + q_(eqz - 1) + E + ClQl + Czqz (115)
1 2

Considering non-Darcian flow through the wall region requires quite a bit of additional work,
which is presented in detail in Chapter 4 of this dissertation and the accompanying appendix. In
short, doing so involves assuming that the pressure drop through a porous medium includes inertial

losses locally in the flow. The modified pressure drop may be expressed as follows, given inertial

parameter f:

U
APyou(x) = Ko Upan (%) * Sy + B pluwan ()% - sy (1.16)
wa

This reduces to the solution of a differential equation representing the outlet channel velocity in

non-dimensional form which can be solved numerically via the shooting methods [57]. Note that a
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form of this method is invoked in Chapter 5 to solve for the temperature history of the DPF during

active regeneration.

1.5.2 DPF Filtration Efficiency

While performance is often referred to in the context of DPF backpressure, the purpose of the
device is of course to trap PM entrained in the exhaust flow. A critical measure of performance
therefore is filtration efficiency E, or the percent of PM trapped by the DPF so that it does not
continue downstream of the filter. This efficiency metric is often expressed by including either a

volume or mass fraction, as follows:

Moyt
E,=1- (1.17a)
" Min
14
E,=1--2¢ (1.17b)
Vin

Early reports indicated that filtration efficiency is on the order of 90%, with subsequent studies
suggesting that it is even greater at over 95% across all expected particle sizes after around 5 to 10
minutes of loading for a single wall filter [64, 65].

The actual filtration scheme is often represented via a series of slabs—or layers—of unit cells,
or connectors, each of which is responsible for collecting some fraction of the incoming particulate
matter. Naturally, the mass flow of PM into one slab is equal to that which exits the previous slab.

The general model is illustrated in Figure 1-18.
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Figure 1-18: Modeling the DPF filter wall as a series of i collector layers, each with its own mass
flow rate m; and collection efficiency E; [14].

There are four primary physical mechanisms by which aerosols may become trapped in a
porous wall filter: 1) diffusion, 2) interception, 3) inertial impaction, and 4) gravity effects. Figure 1-
19 illustrates the four different means of filtration. Diffusion is characterized by small particles
undergoing Brownian motion, inertial impaction results from large particle mass and/or high
particle speed (i.e., inertia) causing the particle to veer off its local flow streamlines, and interception
falls in between by causing capture of the aerosol particle when it comes within about a particle
radius of the substrate surface [66]. Capture by gravity corresponds to the weight of the particle
deposited on a surface to outweigh other (e.g., flow) forces that would drive the particle through the

filter wall.
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Figure 1-19: The four mechanisms of particle capture in porous fibrous filters [15].
The dominant mechanism(s) by which aerosol particles are captured within particulate filters
depend on the nature of the flow and the materials present. For example, a sufficiently high Stokes

number Stk will cause inertial impaction to dominate. That is, inertial impaction dominates when

[56]:

U . . D 3 D . D ]
Stk ~ (pexhaust particle partwle)( particle ) — Reparticle (M) > 1 (1.18)
Hexhaust Dritter pore Dritter pore

Figure 1-20 provides one example of how capture mechanisms vary in magnitude with aerosolized

PM particle size, at a given engine operating condition.
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Figure 1-20: Varying collection efficiency across the four primary filtration mechanisms in the DPF
channel wall as a function of PM diameter at a given engine operating condition [15].

While some vetted literature has indicated that all four (diffusion, interception, inertial impaction,
and gravity) effects can be dominant contributions to PM trapping, the most prevalent literature
assumes that only the first two—diffusion and interception—need to be considered, with diffusion
most often dominating [67, 56, 14, 606, 68, 15, 69].

For a clean filter, the efficiency of each layer can be integrated to find the full packed bed
filtration efficiency Efjjer as a function of the local combined diffusion + interception efficiency
Npr, filter wall thickness s,,,, wall porosity &g, and filter collector characteristic diameter Degyectors

as follows [56, 14, 69]:

_ 3npr(1 — &)Sw

Efiiter = 1 — exp (1.19)
fer 2SODcollector
The combined diffusion + interception diffusion efficiency term is calculated as [14]:
NMpr =Mp T Mg —7p "M (1.20)

The (Brownian) diffusion coefficient for a single spherical collector scales as Peclet number— the

ratio of advective to diffusive transport— to the minus two-thirds as follows [506]:
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(1.21)

particle €o

The interception mechanism efficiency scales with particle and filter collector size as [14, 16],

Nr ~

2

( Dparticle )
Dcollector
3—280

Dparticle 3¢o

collector

(1.22)

As the DPF is operated, the filter wall begins to accumulate soot and ash PM, ultimately

forming PM plugs in the deep bed filter until the pores fill and/or are sealed by soot bridging across

the gaps separating filter substrate fibers. This eventually results in PM layers accumulating atop the

wall, forming what is known as the cake layer. New incoming aerosols then deposit on the cake layer

and do not penetrate into the wall pores. The process of wall filling was described by Merkel et al. as

occurring in progressive accumulation steps, according to Figure 1-21, in which PM is simpl
g 1n prog PSs, g gu > ply

referred to as soot [70].
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Figure 1-21. Illustrating the fout-stage progression of soot/PM accumulation in the filter porous

membrane [16].

52



As the porous membrane fills, the parameters in the collector filtration model should be updated

accordingly.

1.5.3 Regeneration and Associated Performance Tradeoffs

Figure 1-22 illustrates that during typical engine operation, PM (soot) entrained in the exhaust
stream is deposited on the wall region, which consists of the DPF filter substrate coated with post-
regeneration ash, and pre-regeneration soot on top of the ash. The soot layer is also thought to
consist of ~1% ash that fuses via high temperatures with additional ash resulting from the oxidation

of soot to form ash agglomerates on the order of 5% the size of the pre-oxidized soot [54].
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Figure 1-22: The entrance region of a DPF (top) and an illustration of the wall region, which
includes soot, ash, and the underlying DPF substrate with open pores that fill with PM until they are
effectively sealed shut (bottom).

Note that ash and soot are fundamentally different materials: soot forms in the engine combustion

chamber because of incomplete combustion while ash is the incombustible product of complete

53



combustion consisting primarily of metallic compounds found in engine oil that oxidizes off the
cylinder wall and/or is entrained into the exhaust flow by combustion gases.

Soot particles are periodically or continuously oxidized in an automated fashion through a
process called regeneration, during which soot entrapped in the DPF is oxidized either passively via
catalysts lining the DPF wall substrate or actively by raising the temperature of incoming exhaust
gases, which then serve as the oxidizing agent for soot deposited on the channel walls. Passive
regeneration is also known as continuous regeneration, since it occurs all through engine operation
at standard exhaust temperatures, resulting in soot oxidizing along the catalyst and forming nitrogen
dioxide. Ash particles, on the other hand, remain unchanged, and thus the ratio of ash to soot in the
DPF increases over time during regeneration. After an ideal regeneration cycle, all soot has been
burned off the cake layer, leaving behind only ash. In fact, at about 30,000 miles of engine operation,
the PM deposits inside the DPF between regeneration cycles consist mostly of ash [71].

While passive regeneration is a continuous event, active regeneration takes place periodically,
and usually upon exceeding some threshold value of backpressure for a given DPF sensed by vehicle
electronics. The process oxidizes the soot layer, converting substantially all that soot to ash,
significantly reducing the volume of PM trapped in the DPF to alleviate the backpressure. In fact,
regeneration yields ash that occupies around just 5% of the original corresponding soot volume [54].
Following regeneration, soot from the incoming exhaust is then deposited on the newly formed ash
layer, and the process repeats.

As the DPF fills with PM, it experiences both reduced wetted surface area in the channels and
thicker PM layers on the cake layer through which exhaust must pass prior to exiting the
aftertreatment system. This results in a continuous, permanent uptick in backpressure that, given a
fixed backpressure threshold triggering the onset of regeneration, also results in a monotonic rise of

regeneration frequency over time, as illustrated in Figure 1-23.
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Figure 1-23: As the DPF fills with ash, regeneration frequency increases. Once the frequency
becomes excessive, the filter is considered to have failed, and must be either (painstakingly) cleaned
or replaced [17].

To provide some more detail on regeneration: passive regeneration, as the name suggests, relies
on regular engine operation to produce exhaust with sufficiently high temperature that continuous
oxidation along the catalyzed DPF channel walls may proceed, not requiring any additional external
heating in order to achieve complete combustion. Since lower exhaust temperatures and catalytic
oxidation are used, however, NO is converted into higher concentrations of undesirable NO,. As
only some heavy-duty diesel engines are capable of reliably, passively regenerating soot captured in
the DPF, and as even those engines can suffer from incomplete combustion if they operate
primarily at low load, the use of passive filters must be very carefully considered and active
implementations are thus generally the default. After all, slow or inadequate passive regeneration can
result in excess soot buildup in the filter, causing unacceptable levels of backpressure and potentially
severely reducing filter longevity. The catalysts that promote oxidation of the soot at lower
temperatutes ate either included in the diesel fuel and/or on the filter wall substrate sutface.

Active regeneration, on the other hand, requires external energy beyond that contained in the
unmodified exhaust stream to oxidize the soot layer. The most common strategy used to achieve
active regeneration is that of programming the engine to burn late in the cycle so that a hotter
exhaust gas is generated. Active regeneration invokes an electronic control module for continuously

estimating the soot load within the DPF, and once a threshold soot loading (often prescribed in
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grams soot per liter displacement of the open-inlet DPF channels) is reached by measuring
backpressure as a proxy, the regeneration process is triggered and commences.

There has been relatively little research conducted to address the control of ash/soot deposit
distribution within DPFs. This fact, compounded with reports of mixed performance in DPFs, has
promoted further investigation into what factors drive strong variation in DPF efficacy.
Performance in the present context is defined by a combination of metrics, which in relative order
of importance include:

1) trapping efficiency, or fraction of exhaust PM that is trapped in the DPF;

2) fuel consumption due to regeneration and DPF backpressure;

3) and effective lifetime and maintenance interval of the DPF.
A more detailed understanding of processes within the DPF—including ash transport and inter-
particle bonding—is needed to correlate device design and engine operating parameters with
performance metrics.

For actively regenerated systems, a key decision variable is that of regeneration frequency. The
associated tradeoff can be described as follows: a higher regeneration frequency requires more
energy for external heating of the incoming engine exhaust, but also results in cleaner DPF channels
that yield a lower backpressure fuel economy penalty. This tradeoff yields a performance-optimal
regeneration frequency, which according to Salvat et al. is on the order of 350-400 kilometers
distance traveled, with a resulting ~3.5% fuel economy penalty on the vehicle, opposed to ~7%
penalty at 100 km regeneration interval and ~4% penalty at 600 km, per Figure 1-24 [18]. 2008 work
from a Caterpillar and the U.S. Department of Energy cooperative instead suggests that the
absolute fuel consumption penalty associated with DPF regeneration interval selection has a range
on the order of 2% across viable regeneration intervals [72]. The backpressure penalty may be
approximated using the pressure model presented in Chapter 4, and then dividing that by brake
mean effective pressure yields the fuel economy penalty associated with backpressure [73, 74]:

FEP,p = -100% (1.23)

BMEP

The enthalpy penalty associated with injection of additional fuel to raise the exhaust temperature so

that active regeneration can be initiated and maintained is given by [74]:

Cp,exhaust

FEPyy,=DC-(1+1 (
A ( * ) AHdiesel

) *ATexnaust (1-24)
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Figure 1-24: Illustrating the tradeoff between frequency of exhaust temperature increase during
regeneration and pressure loss penalty due to ash accumulation central to fuel economy optimization
when selecting DPF active regeneration frequency [18].

The shape of the curves in the graph suggests that one would want to bias more toward increased
pressure loss fuel penalties and associated reduction in frequency of regenerations, since overall fuel
economy penalty is less sensitive to regeneration interval to the right of the global minimum [18].

Most DPFs are rated to around 100,000-150,000 miles (or around 3,000-5,000 engine operating
hours) before replacement or cleaning are recommended. However, unanticipated upstream as
deposit formation can lead to substantial reduction of the effective lifetime of DPF systems [22].
With the cost of DPF replacement on the order of 10% of total vehicle cost, DPF replacement is an
expensive proposition, highlighting the need for strong, predictable device longevity.

Two factors are particularly important to consider when addressing variable performance in
current DPFs include: 1) the dynamic and vatiable composition/morphology of PM deposits, and 2)
soot/ash transport characteristics along the DPF channel walls. It is suggested that these elements

are largely affected by temperature distribution throughout the DPF over time [22, 19, 17].
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1.6 Mid-Channel Congestion (MCC) in DPFs

As deposits accumulate and cake layers thicken, particles expected to be swept along by the
exhaust flow to the ends of the channels, forming continuous end plugs that do not have gaps
between ash agglomerates. While these nominal end plugs do occupy volume and correspondingly
increase back pressure due to a subsequent reduction in surface area along the inside of DPF
channels, surface area is decreased slowly and gradually. Backpressure therefore also rises slowly.
Furthermore, the steady growth of agglomerates in the end plug region are accounted for in the
overall design of the DPF. Figure 1-27 provides a cross-sectional view of MCC observed during
engine field test operations.

Feedback from engine/vehicle manufacturers indicates that DPF backpressure in field

operation sometimes rises rapidly and substantially beyond nominal values, reflected in Figure 1-25.
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Figure 1-25: An illustration of the impact of MCC on DPF backpressure, with anomalous spikes in
backpressure occurring when PM agglomerates block the channel upstream of the end plug [19].

It is suggested that the unexpected backpressure rise is due to an anomalous phenomenon
characterized by PM agglomerates clogging channels of the DPF upstream of the end plug region,

for reasons that remain unclear. The concept is illustrated in Figure 1-20.
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Figure 1-26: A DPF channel experiencing MCC approximately halfway down its axial length.

This premature obstruction of the filter channels can severely undermine DPF performance,
requiring premature cleaning or replacement. In technical literature, it has been referred to as mid-

channel congestion / clogging / collapse (MCC) and mid-channel deposits (MCD) [19, 22].

Mid-channel deposit

Exhaust Flow Direction
_——

Figure 1-27: DPF sample from field testing exhibiting premature ash plugs forming in and
anchoring to the mid-channel region [19].

MCC often results in a sharp increase in backpressure, which is consistent with feedback from
real world diesel vehicle operators. Field data show that significant clogging of the channels does
occur and likely occurs with significant prevalence. Such irregular deposits are known to lodge
anywhere along the DPF channel axis, causing full or partial premature blockage, a substantial
reduction in wetted channel surface area, a more rapidly rising cake layer thickness, and subsequently

the significant increase in backpressure depicted in Figure 1-25. Since many of the premature
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blockages have been observed to occur approximately half way along the axis of the channels, they
are often referred to as mid-channel congestion, mid-channel clogging, mid-channel collapse, or
simple MCC. It is presumed that these plugs result from the detachment, or collapse, of PM layers
deposited along DPF channel walls, resulting in blockage of exhaust flow axially through the
channels, and thus reduced channel surface area with premature lateral diversion of the incoming
gases through the porous sidewalls [19]. Real world experience has shown that DPFs with a
significant presence of MCC introduce so much excess backpressure to the system that the time
before required DPF overhaul is reduced by as much as 50%, so from 150,000 miles (~5,000 hours)
of operation to approximately 75,000 miles (~2,500 hours). Some verbal accounts from foreign DPF
manufacturers indicate that frequency of replacement can be even greater.

As for the history of MCC, which is addressed in greater depth in Chapter 2, the phenomenon
was first formally introduced in the literature in 2014 by a group of scientists working for GM
Korea, who claimed to have witnessed an unexpected, significant rise in backpressure due to
humidity-induced instances of MCC that arise under very specific use cases (to be described in
greater detail in Chapter 2). In 2016, Fukui et al. from the University of Tokyo published an SAE
paper corroborating GM Korea’s 2014 findings related to soot layer collapse, and extended that
work by providing direct optical in-situ observation, in stark contrast to the destructive and time-
intensive approach applied by GM that may have artificially altered the PM deposit layer prior to
imaging [20]. The study concluded that collapse of PM from the side wall caused deposit layers that
resulted in a rapid, significant increase in DPF pressure drop [20].

Presented earlier in Figure 1-25 and again with more detail in Figure 1-28 below, Fukui et al.
observed a Gaussian-like pressure jump above nominal values extending over an approximately 7-
minute period and peaking at a backpressure of around double (18 versus 9 kPa) the pre-pressure
spike value. They further noticed a series of five instances of soot collapse over four different
channels during the period, with three of the collapses occurring over a ~3-minute period in the

region of peak backpressure rise, per Figure 1-28.
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Figure 1-28: Observed anomalous DPF backpressure where small circles represent instances of
observed MCC [20].

The ~30% increase in backpressure over expected values experienced by the DPF undergoing MCC
is a result of the five instances of (premature) upstream channel clogging shown, which together
represent upstream plugging of 4 of 10 (or 40%) of the visible channels, as shown in Figure 1-29,
corresponding to Figure 8 in the source paper. Comparing this with Wang and Kamp’s work, which
“found that 50% mid-channel plugging can increase the DPF pressure drop about 35% and 80%
mid-channel plugging can increase the pressure drop by 70% to 80%,” fortunately suggests close
alignment with their findings [75]. The impact of premature channel clogging in arbitrary

configurations on DPF backpressure is derived and analyzed in Chapter 4 of this dissertation.

Observation mflow
channel

Outflow channel

Figure 1-29: Scan of the plane of observed channels, showing locations of cake layer collapse [20].
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A fascinating finding was that in both optically accessed and non-observed DPF channels, the
cake layer detached from all observed surfaces at approximately the same time, suggesting that MCC
is not as random or as stochastic a process as is sometimes supposed [20]. Instead, local conditions
along the DPF axis arise that yield an instability in the PM layer and ultimately premature removal of
that cake layer from the channel sidewalls. Alternatively, the observation hints at the idea that the
sidewalls of a given axial DPF cross section are intimately connected in such a way that detachment
at one point would effectively peel away the cake layer of adjacent wall faces in a given cross section.
Another interesting discovery was that soot layers that collapse do not always agglomerate near the
axial location of separation. They are instead sometimes transported significant axial distances and
reattach to the channel walls or in the end plug region toward the far downstream end of the
channel. This process of detachment, re-entrainment, and downstream transport has been observed
to occur very rapidly, with part of the PM cake layer detaching and being swept downstream out of

the field of view in just 0.17 seconds [20]!

1.7 Structure of Dissertation

The overall aim of this study is to improve understanding of what causes—as well as identify
potential means of mitigating—the abnormal mid-channel congestion phenomenon. A combination
of experimental and computer simulation approaches was conducted, with numerical simulation
serving as the authot’s primary responsibility. Important sections for PM accumulation within the
DPF include both (a) axial positions along the channel walls and (b) depth-wise penetration into
(Iess desirable) or accumulation outside of (more desirable) the pores of the filtering medium within
the channel side walls. Equally important are the processes of the initial deposition and the
subsequent transport (movement) of the deposited particles from where they are initially lodged—
e.g., transport due to shear, entrainment, surface stickiness/non-stickiness, etc. In recent years,
research efforts have been particularly devoted to addressing the mechanisms primarily responsible
for ash transport [71]. Attaining this goal will enable DPF systems to be designed with greater
performance and durability, so that they can truly last the lifetime of their vehicles while minimizing
energy consumed to backpressure and regeneration.

The next section will describe the progression of research that brings us to the presently
prevailing hypotheses regarding how MCC develops in DPFs. Chapter 3 will describe a series of
experiments conducted at MIT to generate and analyze images of MCC. Chapter 4 will describe a

model for calculating backpressure (a measure of performance) in the DPF given an arbitrary ash
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distribution. Chapter 5 will extend thermal models to determine the temperature history within a
DPF during regeneration. Finally, Chapter 6 will conclude this work with findings and suggestions

for further related research.
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2  Prevailing Hypotheses for Causal Mechanisms of
Mid-Channel Congestion

This section serves to provide the reader with a summary of observations and experiments

conducted related to understanding the causes (and less so the consequences) of mid-channel

congestion in DPFs. This is particularly important given the persistent uncertainty that prevails

around what mechanisms give rise to the formation and development of anomalous plugs that form

upstream of the end plug in DPFs. We review the three primary, prevailing, interrelated theories that

seek to describe what causes MCC to take root and then progress into channel plugs that fully

obstruct the oncoming flow. The three hypotheses are summarized in Table 2-1.

Table 2-1: A summary of the three primary causal mechanisms of MCC available in the literature as

of 2020.

Hypothesis

Description

Humidity-induced soot cake
layer separation: bulging,
collapse, and re-attachment

of the cake layer

A soaking of the cake layer followed by immediate
application of high load yields a rapid bulge in the
deposit layer that detaches as a unit, is re-attached to

the wall, and clogs the channel

High-temperature induced
shrinkage, peeling, curling,
collapse, and re-attachment

of the cake layer

High regeneration temperature causes fissures in the
cake layer and shrinking PM (soot-ash) island sheets,
peeling of those sheets into the channel exhaust flow,
re-attachment of the partially-oxidized sheets to the

channel, and clogging of the channel.

High-density ash anchors
sintered to the filter substrate
deep bed and subsequent

growth to block the channel

High regeneration temperatures causes small, high-
density ash particles embedded in the filter wall
substrate pores to sinter irreversibly on the substrate,
This ash ”anchor” will grow until ash “bridges” have

formed to span the channel across ash anchors

These three hypotheses are based on bench and field tests of diesel engines and diesel-powered

vehicles. While the theories are not mutually exclusive, they invoke different physical mechanisms as

primary modes of formation for MCC. The first such mechanism was proposed by the pioneering

work of GM Korea in 2014, which in fact represented the first explicit published mention of MCC.
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GM Korea argued that the exposure of DPF channels to high enough levels of humidity—followed
by rapid application of high load and thus sharp impulse of exhaust flow into the DPF—provides
the conditions under which several large flakes of PM are prone to detaching from the filter wall and
subsequently agglomerating either in the mid-channel region or downstream towards the end plug.
The second mechanism was described in 2013 by MI'T’s Sappok et al., who supposed that for
sufficiently thick soot layers, underlying PM strata coupled with increased exposure to shear stresses
from the incoming exhaust flow yield instabilities in the shrinking—and subsequently outward
peeling—soot layers, causing them to detach via the influence of exhaust flow, transport
downstream in the exhaust flow, and reattach to the filter wall downstream of the location of
detachment. Finally, the third causal phenomenon for the onset of MCC was suggested by Kamp
and Bagi, who describe the irreversible bonding of high-density ash anchors to the filter substrate
wall via sintering, and growth upon those anchors of additional ash also via sintering, ultimately
forming bridges of ash that grow to span the channels until they are full plugged.

Note that Hypothesis #1 involves the collapse of the soot cake layer, Hypothesis #2 involves
the collapse of the combined soot plus ash layer to block the channel quickly, and Hypothesis #3
involves the slow growth upon ash anchors into a larger mass of ash that blocks the channel.

It turns out that while DPFs have been in use since the 1980s, MCC is a phenomenon observed
and studied only since the mid-2010s. It is unclear why MCC had not been publicly diagnosed in the
interim period, though DPFs in the ‘80s and ‘90s were relatively unreliable, precluding their mass
rollout until the mid-2000s and beyond. It is also feasible that operators would simply assume that
afflicted DPFs are defective and require frequent cleaning, or perhaps replacement. The prevalence
of MCC is still not well understood and should be further researched to help stakeholders better
understand how widespread an issue MCC actually is within DPFs. MCC has been referred to as a
“10% problem,” which implies that it only because a notable issue in around 10% of vehicles that
employ them, although this figure has not been verified and may significantly underrepresent the
actual representation of MCC among DPF channels. Another credible account by researchers at
MIT indicated that a major global manufacturer of DPFs in China where lubricant formulations are
not well regulated requires the unexpected cleaning of the filter around 20 times over the course of
the life of the device and corresponding vehicle. This frequency of cleaning, which involves physical
removal of the DPF and complex treatment thereof by complex machinery, is well beyond that
expected by operators of DPFs, suggesting that MCC is far widespread than a “10 percent problem

would suggest” in some markets, and that changes in both lubricant formulation and fuel additive
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package composition may drastically affect propensity for MCC to transpire. After all, additive
packages are proprietary in nature and may vary substantially in chemistry—e.g., metals content—
with some formulations thereby being more prone to sintering given metals with lower glass
transition temperatures [76]. After all, different metals known to be incorporated into lubricants
have sintering temperatures that vary from one another by hundreds of degrees Celsius.

A 2019 study by MIT researchers Kamp and Bagi, which described the phenomenon of MCC
using the acronym MCD (for mid-channel deposits), indicated that almost every one of the field-
returned (i.e. problematic and suffering from unacceptable backpressure and consequently excessive
regeneration frequency) DPF specimens provided to the MIT consortium for which they researched
over the past decade has exhibited at least some appreciable degree of MCC [22]. They noted that
virtually all of the problematic DPFs exhibited atypical ash accumulation characterized by sizable
gaps in the ash plug, significant interactions between ash and the filter substrate via sintering, and
substantial variation in mechanical properties of the ash like highly variable density [22]. They
further expressed that while every DPF experienced some degree of MCC, there was substantial
variation in the percent of channels plugged across the collection of field samples ranging from as
low as 10% to as high as 75% [75]. This suggests that not may MCC be a far more widespread issue
than is generally believed, but also that the prevalence of MCC is highly variable across DPFs that
may be exposed to similar operating conditions. Kamp and Bagi went on to state that MCC is a
phenomenon of critical interest to the automotive (and catalysis in particular) industry, and that it is

surprisingly sparingly addressed in the literature with underlying causal mechanisms still unknown

[29]-

2.1 Hypothesis #1: Elevated Humidity in the DPF Channels
Followed by Rapid Application of High Load Causes
Cake Layer Separation

MCC was first observed by a group at General Motors Korea in 2014, which hypothesized that
the presence of humidity followed immediately by the application of high-load, high-pressure drive
cycles causes soot layers to deform and collapse into the DPF channels. They claimed that under
very specific conditions in which a vehicle is driven at a constant 100 kilometers per hour for a few
hours, parked in cool ambient (~15 Celsius) temperatures with high humidity for a period of several

hours such as overnight, and then driven immediately with heavy acceleration, one can observe the
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sudden pressure increase associated with MMC after driving just a short distance. [77]. Kim et al.
posited that a notable gaseous gap forms between the soot layer and the filter wall substrate beneath

it due to passive regeneration of the soot adjacent to the catalyst, as shown in Figure 2-1.

Gap between DPF Concave cake layer just
substrate and cake layer prior to detaching from
the wall

Figure 2-1: NO,-induced gap formation before (left) and after (right) concave bulging, supposedly
correlated with condensation of water onto/into the soot cake layer [19].

More specifically, the gap between the filter walls and soot (PM) layer is created by soot reacting
with NO; that is generated when the platinum catalyst on the filter substrate washcoat oxidizes NO
into NO; via [20]:

2NO + 0, - 2NO, (2.1)

2NO, +C - 2NO + CO, (2.2)
It is supposed that the prevalence of a gap positively correlates with concentration of NOy in the
exhaust stream. In addition to a gap observed for coated (either uniformly or zonally) DPFs, the

researchers observed the following contributors to the formation of MCC:

e Upon (overnight in their case) several hours of exposure by the soot in the DPF to high
humidity conditions, they observed a significant concave bulge in the soot layer, which they
believe is due to condensation of water onto/into the soot coupled with space constrains
inherent in the fixed, rectangular DPF channel cross section design.

e The soot lump is thought to grow until it reaches a point of instability and collapses into the

channel, causing several obstructions that accumulate and agglomerate into a solid plug.

e The presence of bulging was observed to be less frequent if a period of idling preceded the
application of high load, perhaps due to the evaporation of water during idling that would
otherwise result in the formation bulges.

Reviewing some of the images provided in [77], it seems that the expansion of humidity-

induced bulges until they break away from the soot cake layer causes curved soot layer width and

channel length flakes to agglomerate in the channels. Further, while it is argued that high humidity
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conditions are required to accompany passive regeneration to form MCC, figure 21 in [77] shows
that mid-channel plugs may form even in the absence of added water [77]. Additionally, figures 11
and 12 in Kim et al. show flatter, bulkier soot sheets bunching up in the channel, hinting that not all
observed instances of MCC can be characterized by thin, curved soot flakes. Finally, the means of
agglomeration and redeposition upstream of the end plug is not addressed. It is instead suggested
that certain preventative measures can be taken in terms of modifying DPF hardware design and
implementation, such as introducing newly sized and shaped channel structure and installing DPFs
vertically—not horizontally—in order to promote a tendency for mid-channel deposits that separate
from the cake layer to more readily fall into end plug and not plug the center axial region of the
channels [77].

The actual mechanism(s) giving rise to PM layer detachment, the semicircular shapes exhibited
by peeled PM flakes, and upstream PM flake agglomeration were not provided. For example, while
Kim et al. seem to suggest that surface tension due to humidity may play a major role in the process
they describe, the idea has not been verified and thus cannot be stated as fact. Additional research
will be required to confirm the nuanced physics at play that give rise to forces contributing to the
onset and propagation of MCC. This theme of presenting observations of physical phenomena
correlated with some nontrivial degree of MCC, without explaining their fundamental causal factors,

currently abounds across the relevant literature.

2.2 Hypothesis #2: Regeneration Causes Unstable Shrinkage
of the Cake Layer into Soot-Ash Islands that Peel off the
Cake Layer and Reenter the Exhaust Stream

Before MCC was formally observed and named, MIT published results from a comprehensive
series of evaluations with optically-accessible DPF core samples showing the processes controlling
the formation, transport, and interaction of the soot and ash deposits over a range of DPF
regeneration conditions. Central to these findings was the conclusion that, with sufficient cake layer
thickness at the beginning of regeneration, instabilities arise that cause sections of cake layer to
fissure into separate islands, peel away from the channel wall and into the channel free stream until
they detach from the wall altogether, become (re-)entrained in the incoming exhaust flow, and
redeposit downstream either elsewhere on the channel wall or in the end plug region. Results
indicate that there are strong interactions between soot and ash during regeneration, and in

particular that regeneration of soot in a catalyzed DPF proceeds locally and concomitant to mobility
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of the PM layer as it is oxidized. The nature of such mobility depends on the regeneration pathway
at play [21]. More specifically, Sappok et al. described morphology dynamics that transpire during
regeneration, which involved the detachment of partially oxidized soot layers with ash particles in
tow. The report provided additional enlightening information on the constituent properties of PM
that accumulates within DPFs, such as their observation that over 99% of particles by mass in
untreated diesel exhaust consists of soot—or carbon sulfate—as well as other organic compounds,
while the remaining 1% is ash [21].

The mechanism and nuanced dynamics at play during the PM cake layer collapse process was
described in detail and represents a key hypothesis regarding how MCC transpires. It is supposed
that, for a catalyzed filter, the soot layer nearest the catalyst (and thus farthest from the cake layer
surface) oxidizes first, such that soot in the outermost strata of PM deposit layer are continuously
moving both toward the filter wall and inward toward the center of the “island” patch to which it

belongs, per Figure 2-2 below [21].
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Figure 2-2: Classic (a) soot oxidation and (b) ash formation models, as well as observed (c) soot
oxidation and (d) ash agglomeration phenomena [21].

Continuous motion and associated cracking of the PM deposit layer are thought to result in
considerable instability along the channel walls. The cake layer islands are observed to curve away
from the filter wall toward the center of the channel, thereby exposing peeling soot islands to

increased exhaust flow velocities and a greater propensity to detach from their positions along the
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filter wall. The peeling of partially-oxidized PM islands is illustrated in Figure 2-3, corresponding to

Figure 6 from Sappok et al.

Figure 2-3: Images capturing the progression of soot cake layer oxidation in a DPF with no exhaust
flow at 600 degrees Celsius, which is on the order of the exhaust temperature during regeneration.
The introduction of exhaust flow would both promote detachment by serving as an axial forcing
mechanism, but also provide a means of convective cooling that may slow the process of ash
peeling, sintering, and agglomeration [21].

The oxidation of underlying soot is thought to loosen and shear the partially-oxidized soot cake
layers and attached ash agglomerates relative to neighboring layers. Distinct islands form according
to fault lines (or cracks) that result from the oxidation and shrinkage of soot into much smaller ash
agglomerates during regeneration. As previously mentioned, the resulting PM layers cutl into the
channel and sometimes separate from the wall due to the (presumably frontal drag and/or shear)
influence of the exhaust flow, becoming re-entrained into the exhaust flow and relocated
downstream within the channel [21]. The cutling islands consist of both partially or fully oxidized
soot and attached ash particles to form thin, tubular flakes. Supposedly due to a combination of ash
“stickiness” and shear stress of the incoming exhaust flow, these flakes are sometimes forced to
detach from their underlying PM strata or filter substrate [21]. Several snapshot images depicting the
progression of PM layer detachment, re-entrainment, and downstream transport are captured in

Figure 2-4 below.
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Figure 2-4: Images showing a sequential progression of regeneration at the soot cake and associated
bulk transport of PM layers. Notice that dotted silhouettes indicate the entrainment and removal of
PM sheets from the previous snapshot [21].

2.2.1 Impact of Soot Deposit Layer Thickness on PM Dynamics
During Regeneration

Sappok et al. described the process of soot cake regeneration on a catalyzed DPF as an event
dominated by local adhesion of soot and ash particles due to energy provided by oxidizing soot,
which promotes agglomeration of ash and particle growth even when exposed to bulk gas
temperatures considerably below the nominal ash sintering temperature. The transport of ash from
the PM cake layer to the end plugs was found to be primarily a function of the soot cake layer
thickness at the beginning of regeneration [21]. A thicker soot layer was both found to be less stable
in terms of retaining PM on the cake layer due to nonuniform shrinkage rates in adjacent soot layer
strata, and more prone to entrainment given its protrusion farther into the exhaust stream. Thicker
soot layers also contain more ash precursors (assuming a uniform soot-to-ash volume ratio in the
cake layer) and yield higher regeneration temperatures. Elevated temperatures in turn promote

stronger adhesion of a greater number of neighboring ash particles, resulting in the formation of
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larger ash agglomerates that both are more exposed to the exhaust flow prior to peeling off, and
experience greater drag force when re-entrained, which increases the likelihood that larger ash
agglomerates either interact with other larger agglomerates that have blocked the mid-channel region
or instead become transported downstream onto the end plug [21].

Hitachi et al. supported Sappok et al.’s findings by also concluding that degree of loading prior
to regeneration significantly impacts the nature of ash agglomeration and detachment from the filter
sidewalls. Specifically, the experimentalists varied PM loading in three increments from 1.5 to 6.7
grams per liter at a PM regeneration temperature of 700 Celsius. While the 1.5 and 3.1 g/1
regeneration cases yielded smaller, dispersed ash particles, 6.7 grams per liter loading saw PM
burning in single clusters in which volume contracted during oxidation and resulted in larger ash
agglomerates that were more prone to moving outside of their “confined area” [49]. That is, PM
detaches more readily from the filter wall when it burns with greater loading between regenerations.
Moreover, the ash agglomerates borne out of active regeneration were described as flaky, with
higher permeability and a greater propensity for detaching from the cake layers, perhaps through
viscous shear forces that force such flakes off the wall and into the exhaust stream. It is possible that
the size and shape of the flakes increases their odds of being swept off the sidewalls, while increased
porosity results in reduced resistance to income flow when such flakes themselves redeposit
elsewhere on the wall and agglomerate to ultimately form instances of MCC. For example, a greater
flake surface area per unit volume may expose the curling PM to heightened flow effects, including
drag due to inertial forces due to larger frontal area, and/or heightened shear stress due to viscous
effects in the direction of exhaust flow.

These findings thus suggest that MCC may be formed when higher regeneration temperatures
couple with a larger availability of newly generated ash particles that bond to one another and form
relatively large ash agglomerates that then relocate to part of the DPF at which agglomerate bonding
(e.g., sintering) to the cake layer is more favorable. The experiments certainly do suggest that the
temperature history of the DPF plays a critical role in determining the morphology of ash
agglomerates that form during regeneration, and thereby also the nature of transport of those
agglomerates within DPF channels. Thermal history of the DPF is revisited and strongly
emphasized in Chapter 5 of this dissertation.

Incidentally, an MIT PhD dissertation written by Wang found that variations in the topology
and surface profile of the cake layer—not the deposit layer thickness—has little influence on DPF

performance. However, a 2020 publication indicates that ash plug ratio (ash cake mass divided by
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total ash mass) is a parameter that can indeed be important to temperature history and DPF
performance. Specifically, it was found that moving ash towards the end of the channel and thus
increasing the percentage of ash in the end plug slightly decreases the pressure drop in the absence
of soot, but increases the pressure drop in the presence of sufficient soot [17, 78]. Chapter 4 in this
dissertation provides an extension to the conventional backpressure model for DPFs by accounting
for the presence of mid-channel deposits that rapidly reduce the effective length of the channels in

which they are located.

2.3 Hypothesis #3: High-Density Ash Particles Sinter to the
DPF Wall and Form Irreversible Ash Anchors

A 2019 study by MIT’s Kamp and Bagi (reference eatrlier) introduces the third and—at
present—ifinal major theory governing the formation of plugs characterizable as instances of MCC /
MCD, which they suggest is an alternative “slower” phenomenon in contrast to the “fast” shearing
of soot layers from the cake layer characterizing the previously described second hypothesis for
MCC causality. They suggest that the adverse phenomenon is the result of high-density ash particles
filling and irreversibly bonding to the filter deep bed pores, resulting in what the dubbed “ash
anchors,” one of which is shown in Figure 2-5 below. It is supposed that the irreversible bonding
results from sintering, which suggests that high temperature effects are again critical to the
formation of this mechanism of mid-channel ash agglomeration. The authors proclaimed that nearly
all DPFs investigated in MIT’s related consortium over the past decade that have contained

instances of MCC have also exhibited the presence high-density ash anchors [22].
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Figure 2-5: X-Ray CT image of a high-density ash anchor in the process of forming MCC / a
MCD. The white dashed line represents the filter wall surface, suggesting that the ash anchor
penetrates ~200 microns into the porous deep bed of the filter, effectively fixing the agglomerated
ash anchor in place [22].

Ash progressively accumulates atop—and thermally bonds to—other ash layers, ultimately
resulting in the formation of ash bridges that have been observed to sinter to the wall substrate at
both ends and are therefore prohibitively difficult to clean and remove from the channels [22].
There does not seem to be a limit to how large the ash anchors grow, other than of course the
geometric constrains imposed by the DPF channel width [22]. Additionally, abnormal
agglomerations of soot upstream of a full or partial MCC formation—sometimes referred to by
Kamp and Bagi as representing “extreme local soot accumulation”—is observed to produce an
unusually high density of energy and thereby boost temperatures locally during regeneration,
promoting strong local sintering.

Kamp and Bagi expressed that there are two complementary types of MCC: one faster
mechanism associated with the collapse of PM flakes and redeposition onto the channel wall, as
described in Hypothesis #2, as well as a second “slower” means characterized by bridging or
spanning of ash agglomerates across a channel between fixed ash anchors [22]. A few examples of

different forms of ash anchors and bridging are illustrated in Figure 2-6.
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Figure 2-6: Several images taken by X-ray CT scan of “high-density ash anchors found within mid-
channel ash deposits in problematic field-return DPFs.” Dashed lines are provided to indicate
substrate boundary [22].

Notice that not all anchors result in full channel plugging, and further that ash bridges take various
forms, with an initial bridge consisting of connected ash strands with very thin widths on the order
of a few layers separating upstream and downstream regions. Over time, bridges and MCC / MCD
agglomerates grow in all directions. It is thought that the primary mechanism governing this “slow”
means of MCC formation is highlighted above in Figure 2-2, such that shrinking and heating soot
during regeneration bind ash together into sizeable agglomerates that “in some cases sinter and
bridge to the washcoat” on the DPF substrate [22]. Such bridges are thought to grow upon the ash
anchors shown in Figure 2-6, which illustrates that ash can penetrate deeply into the substrate wall
(almost 200pum in this case) and has a higher density than even the substrate [22]. Such anchors are
formed when, under certain conditions, the effects of DPF regeneration can lead to melting and
wicking of ash into the DPF channel wall pores. Such “ash melt,” upon forming strong bonds with
the DPF deep bed substrate sutface and/or neighboring ash patticles, solidifies when temperatures

decrease (i.e. when regeneration temperatures decline from their highest values to ~750-900 Celsius)

22].



It is important to note that the proposed mechanism of ash anchoring and bridging for MCC
formation is complementary to other contributing phenomena, should they exist. It is therefore
entirely feasible that MCC may occur simultaneously at different length and time scales: 1) a slow
mechanism of ash sintering at the particle level, 2) a fast mechanism characterized by a relatively
large soot/ash cake layer shearing off of the cake layer and redepositing elsewhere downstream, and
3) abnormal soot and ash accumulation upstream from the point of clogging [22]. Figure 2-7 shows

each of these modes likely having contributed to the same instance of MCD / MCC.

Figure 2-7: An X-Ray CT scan image showing the simultaneous presence of “fast,” large
agglomerates that have together sheared off the DPF cake layer during the regeneration process,
smaller ash particle accumulation and sintering in the substrate walls and pores, and unexpected soot
and ash accumulation upstream of instances of MCC [22].

In addition to proposing the concept of fixed ash anchors that serve as effective nucleation points
for MCC development, Kamp et al. shed light on useful mechanical properties—such as chemical
composition and density—of the ash precursors that ultimately combine to form full channel plugs

and thus MCC.
2.3.1 Variable Material Properties around Ash Anchors

Kamp and Bagi assert that ash “sintering appears to be one of the fundamental characteristics
of the mid-channel deposit phenomenon,” which supports the fundamental hypothesis supported in
this thesis: that high regeneration temperatures cause sintering to fuse ash agglomerates to the DPF
wall and other ash agglomerates, resulting in MCC, and therefore that the temperature history of the
DPF needs to be controlled in order prevent the onset and propagation of MCC. This idea will be
directly addressed in Chapter 5. Sintering is defined as “a high temperature process that is
accompanied with compaction and densification of solid mass of material by application of

temperature, with or without the presence of pressure” [22]. It was found that density of ash is
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highly variable in the region of MCC. Values in mid-channel deposits are shown to range from 60%
less than to 70% greater than the average density measured throughout a given filter, with average
density values found to be in the range 0.11-0.54 g/cm’, where sintered ash found in MCC plugs are
observed to exceed 1 g/cm’ [22]. Table 2-2 provides a non-exhaustive list of SAE papers from

which ash density measurements have been extracted.

Table 2-2: Key ash properties from field-aged DPFs described in six different SAE papers [23].
Packing Density Theoretical Density

SAE Paper (g/cm3) (g/cms) Porosity (%) Permeability ( mz)
2001-01-1016' 0.4-1.0 - - 2874 x10™"
2001-01-0190 0.54 3.13 83
2004-01-0948" 0.4 2.5 85 ~5 % 107"
2005-01-3716' - 2.85 .

2006-01-3257' 0.32 - 0.52 - _
2008-03-0331" 0.45 - .

i. Permeability estimated by authors in [10]
il. Permeability listed as 10-fold that of cordierite
iii. Associated study used fuel-borne catalyst for regeneration

Figure 2-8 is a histogram of 103 data points from the literature showing ash density distribution in

DPF channels.
Distribution of 103 Ash Samples from both Field and Test Bench Engines
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Figure 2-8: Ash density distribution from both field and accelerated engine testing across 103 data
points. Mean = 0.29 g / cm’; standard deviation = 0.11 g/cm’ [17].
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It was observed in many of MCC agglomerates that ash density is highest in the most upstream
portion of the deposit, and monotonically decreases as one probes downstream. This variable
density manifested itself in ash agglomerate morphology as ~1-micron densely packed primary
particles upstream of MCC plugs and ~50-micron loosely packed, hollower particles downstream of
instances of MCC [22]. Note that these values are considerably smaller than the larger 100- to 50-
micron PM flake size characteristic of the “fast mechanism” of MCD creation previously described
[22]. Ash is thought to consist of 90% material originating in metallic species from the engine
lubricant and 5% from wear and corrosion byproducts, the rest comprised of fuel, coolant, and
other miscellaneous contaminants [22]. These proportions align with data published in another

related study by MIT in 2020, which provided the data shown in Figure 2-19 below.
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Figure 2-9: Relative distributions of sources of ash across two ultra-low sulfur diesel (ULSD) and
two biodiesel fuels. Note that it is thought that the three primary mechanisms of oil consumption in
an engine are droplet transport, evaporation, and blow-by [17].

2.3.2 Impact of Regeneration Type on Ash Agglomeration and
Transport

Several experiments suggest that active regeneration and its corresponding higher regeneration
temperatures provide conditions favorable for the development of particle-to-particle and particle-
to-filter substrate sintering than does passive regeneration [21]. Additionally, as passive (or
continuous) regeneration does not generally result in a substantial build-up of soot cake layer at any
point, it appears that only active (or periodic) regeneration provides the unstable conditions for the
cake layer that facilitate ash agglomerate growth via sintering, separation from the DPF wall surface,

and subsequent reattachment to the cake wall downstream [21]. One thing to note, however, is that

78



passive regeneration is associated with the generation of smaller ash particles that are more prone to
filling the substrate pores prior to bridging and sealing of the deep bed filtration region. More
specifically, the characteristic ash particle size in passive regeneration is 10 to 100nm, whereas in the
case of active regeneration, that figure jumps to over 1 micron [23].

In 2009, prior to the broad acknowledgement of MCC, Hitachi Metals Ltd. investigated the idea
that ash exhibits variable morphological and transport characteristics within the DPF depending on
the type of regeneration strategy applied, including regeneration type, frequency, and temperature
history [49]. The researchers presented a figure that unambiguously showed mid-channel deposits
forming well upstream of the end plug in DPF channels, though surprisingly made no explicit
mention of the significance of those anomalously upstream deposits. Importantly, however, they did
state that there is a strong correlation between DPF temperature history and behavior of ash as it
passes through the filter, both in terms of ash mechanical properties and the propensity of the ash to
relocate from one axial location in the DPF to another.

In one part of the study, Hitachi increased regeneration temperature from 400 to 600 Celsius in
50-degree increments and observed that ash particle size increases as temperature increases, which
prompted the researchers to continue their foray into determining the impact of elevated
regeneration temperatures on ash morphology and transport [49]. As temperatures were increased to
630 Celsius, it was shown that this finding held, and further it was found that even with smaller ash
particles forming at elevated temperatures, repeated active regeneration yielded agglomerated
particles that fix themselves to one another [49]. This hints at the notion that high temperature
regeneration may cause larger ash agglomerates to sinter or otherwise bond to ash that has been
embedded in or otherwise anchored to the underlying filter wall substrate. It is also perhaps
noteworthy that the researchers stated that some of the entrained ash passes through the entire DPF
with the exhaust stream.

Having found a strong, positive correlation between ash agglomerate size and PM regeneration
temperature, Hitachi explained that 400-500 degree Celsius passive regeneration generated weaker
bonding between ash agglomerates and therefore yielded smaller ash agglomerate particles that were
more prone to filling the deep bed pores of the DPF wall substrate, whereas higher temperatures
yielded stronger intermolecular forces between ash particles [49]. It was noted that during active
regeneration, PM forms large clusters that are more likely to be swept downstream with the exhaust
gas flow, as indicated in Figure 2-10, which represents the conventional view of ash transport and

morphology according to regeneration type [49]. In addition to the type of regeneration employed,
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increased loading prior to regeneration was also shown to yield larger, more permeable ash
agglomerates as the soot layer burns in one cluster, resulting in more ash in the end plug region. It
was also interesting that the group referenced thermal melting and cracking that can occur within the
DPF if regeneration occurs too infrequently, which serves as one form of compromise against the

fuel economy penalty accompanying excessive regeneration frequency.
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Figure 2-10: The conventional view of the mechanisms governing ash accumulation and transport
in passively (left) versus actively (right) regenerated DPFs [23, 19].

On a related note, in 2019, MIT’s Yuesen Wang et al. hypothesized as to the engine operating
conditions and associated variables most likely to affect PM morphology, stability of deposits, and
consequently also ash transport [19]. By varying soot-ash ratio and thus energy density of the PM
deposit layer between regenerations for a given ash loading, one may discover a link between
temperature history—primarily driven by the regeneration process—and key ash propreties. They
conclude that as soot/ash ratio increases, more heating energy is available per unit volume, which
promotes elevated regeneration temperatures and thus conditions more favorable for interparticle
and particle-DPF sintering [19]. They show, in fact, that variable soot-ash ratio results in differing
motrphology of ash deposits, with lower soot/ash ratio yielding small particles that sprinkle the
surface and fill smaller DPF wall pores, wheres higher soot/ash ratios exhibited larger clusters of ash

deposits that reside next to the pores and are more prone to being swept downstream by the
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oncoming exhaust stream [19]. These findings align with the aforementioned conventional
understanding depicted above in Figure 2-10. It should be noted, however, that due to the
experimental setup and a constant soot flow given a fixed engine load during testing, the
proportionally higher run durations for higher soot/ash ratios and correspondingly greater volume
of ash may have contributed to greater plug formation frequency and thus variable morphology as
soot/ash ratio increased.

A more recent hallmark paper by Wang et al. directly relates two of the three causal
mechanisms of MCC espoused in this chapter [17]. First, the probability of interparticle and particle-
substrate sintering forming ash anchors is said to depend largely on the composition of ash. Second,
the “fast” mechanism of PM collapse from the cake layer also results from mechanical properties of
the cake layer because, specifically, the PM may have a coefficient of thermal expansion differing
from that of the wall substrate material—as well as that of surrounding PM exposed to differing
temperatute history—leading to potential cracking/mechanical failure via thermal cycling with
periodic, active regeneration [17]. That is, with sufficiently high temperatures, fissures form in the
channel cake layers due to nonuniform thermal expansion of the DPF wall and strata within the
cake layer, while the PM layer is simultaneously shrinking. This results in the formation of
independent islands of oxidizing PM that peel off the cake layer, are subsequently re-entrained into
the exhaust flow, and then deposited on the channel wall elsewhere downstream. Both channel

(Figure 2-11) and pore-level (Figure 2-12) effects are illustrated below.
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Figure 2-11: Optical microscope-rendered images showing the effects of elevated temperatures on
channel ash accumulation and transport for both thicker periodic and thinner continuous
regeneration cases [17, 24].
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Figure 2-11 shows that beyond about 900 degrees Celsius, the PM cake layer is observed to crack,
peel, and collapse off the sidewalls for both periodic and continuous regeneration cases. This clearly

suggests and strong correlation between elevated DPFE temperature history during regeneration and

propensity for MCC to occur.
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Figure 2-12: SEM showing the impact of 5 minutes of exposure to elevated (880 Celsius)
temperatures on ash accumulation in DPF substrate pores [17, 24].

2.4 The Impact of Lubricant Additives on DPF Ash
Morphology and Inter-Particle Fusion

Yujun Wang et al. expressed that reported ash composition varies substantially across engine
platforms, fuel and lubricant formulations, duty cycles, etc., as reflected in Figure 2-12 [17, 48, 79].
Two mechanisms are described for ash particle interaction with soot agglomerates emitted from
diesel engines: the first in which ash is embedded inside soot particles and the second characterized

by ash nanoparticles affixed to the outside of soot particles, illustrated in Figure 2-13 [17, 80].
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Figure 2-13: Two plausible modes of interaction between diesel exhaust soot particles and ash
“nanoparticle” precursors: ash embedded into the soot particles (left) and ash nanoparticles attached
to the exterior of soot (right) [17].

Generally speaking, lubricant-derived ash compounds do not exist physically separate from
carbonaceous PM, suggesting that fusion among lubricant additives / ash occurs in very close
proximity to the high-temperature oxidizing soot in which they are suspended, as depicted in Figure
2-2. Regarding fusion, Sappok et al. state that, because individual ash and soot particle sizes (on the
order of 10 to 100nm, respectively) are much smaller than the ~1 micron characteristic ash particle
sizes measured post-regeneration, ash compounds—that are at first finely distributed on the DPF
wall and cake layer—fuse together and agglomerate when deposited on the cake layer [23]. Degree
of fusion, according to the researchers, depends on the thermal history of the particulate matter.
Figure 2-14 illustrates that density of ash can grow by ~100% with an increase in temperature from
700 C to 1100 C, which Chapter 5 will demonstrate is thought to take place locally due to variation
in axial wall temperatures at a given time. The large rise in density corresponds to a shrinking of the
ash, with shrinkage observed to exceed 60% as—again—temperatures increase from 750 C to 1,100

C [23].
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Figure 2-14: Increase in density and reduction in size of ash as a function of temperature [23].

Notable sintering begins to occur at 800 to 900 Celsius, with ash morphology changing rapidly

above this temperature as “particles sinter and fuse together,” as shown in Figure 2-15 [23]. This

temperature threshold coincides with that for cake layer separated as depicted in Figure 2-11.

900 C

Figure 2-15: The morphology of ash samples shown at various ambient temperatures, from 25 to
1,150 Celsius. It is plainly evidence that ash sinters and shrinks into high-density agglomerates as
temperature rises [23].

Ash compositional changes as a function of temperature are illustrated Figure 2-16. Note that Zinc
composition changes markedly at around 800, whereas Celsius, Magnesium, Sulfur, and Phosphorus

are notably altered between 850 and 1,000 Celsius [23].
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Figure 2-16: Changes in ash constituent composition (measured via X-ray powder diffraction) as a
function of temperature. Major changes in mechanical properties occur between 800 and 1,000
Celsius. Note the redundant chemical compounds and 25-degree Celsius labels [23].

Wang et al. concurred with the above analysis by indicating that sintering of ash takes place
beginning around 800 degtrees Celsius while oxide species begin to appear around 900 °C. Further, it
was found that significant ash densification was observed in the 700-880 °C range, where the extent
of such volume reductions was dependent on ash chemistry and prevailing operating conditions,
including flow rate, and whether regeneration was passive or active [17, 24]. Figure 2-17 provides
another illustration of how ash morphology radically changes as temperature rises from 650 to 1,000

degrees Celsius.
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Figure 2-17: XRD scans illustrating how the chemical composition and morphology of lubricant-
derived ash evolves as a function of surrounding gas temperature [17].

Zooming into ash via both transmission electron (TEM) and scanning electron microscope (SEM)
technology, we may clearly observe the shrinkage and densification of ash at elevated temperatures,
per Figure 2-18.

Figure 2-18: TEM and SEM scans illustrating how the chemical composition and morphology of
lubricant-derived ash evolves as a function of surrounding gas temperature [17].
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The lower bound for sintering of around 800 Celsius is based on the sintering temperature of
Zinc, which is prevalent in lubricant additive packages (for example, as an anti-wear agent in the
popular use of ZDDP). In an interesting concluding twist for this chapter, it was mentioned that for
small particles, the effective melting temperature actually decreases, and can be several hundred

degrees Celsius below the bulk melting temperature, as shown in Figure 2-18 [25].
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Figure 2-19: Molecular dynamics-modeled melting temperature iron nanoparticles across a range of
sizes: 80 to 1000 atoms versus the inverse of particle diameter, for both free (circles) and supported
(triangles) “non-magic-sizes.” Both are “compared with the linear fit lines of non-magic-sizes.” Note
that magic sizes are given in the inset (smaller) plot at the top right corner of the figure [25].

Tying these ideas directly to the modeling presented in Chapter 5, the MIT researchers conclude
that long durations of high temperature events “may cause ash and substrate sintering,” as well as
melting of ash adjacent to the catalyst. The locations of ash sintering could serve as ideal points for
high-density ash anchors to form and subsequently serve as the basis for extensive ash bridging
across the channel [17].

While this chapter has presented three compelling hypotheses regarding causality of MCC, none
of the theories unfortunately describe in-depth or prove the fundamental physical mechanisms at
play that give rise to the three phenomena described. The most convincing argument currently
supposes that temperature history is of critical importance, and that controlling it may prevent the
sintering which gives rise to irreversible ash anchors and bridges, expounded in Chapter 5. More

detailed experimentation—that actually observes MCC formation in-situ and tracks sufficient
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parameters and properties to definitely determine what operating conditions and material

combinations are likely to promote the onset of MCC—is required.
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3 Analyzing X-Ray CT Scan Images of Congested
DPF Channels

This chapter describes an experimental procedure used to trap soot and ash in a cordierite DPF,
in which analysis was conducted of several images showing MCC in the DPF’s channels taken by an
X-Ray CT scanner. Thousands of raw images were taken; subsets thereof were used depending on
the number required for a particular set of analyses. Fach scan provides a two-dimensional cross
section of the filter, showing either the full axial “side” length of a channel at a given Z value or a
“front” cross-sectional view of every channel cell taken at some axial position X (reference frame
illustrated in Figure 3-6 below). Characterizing these images enables us to more accurately describe

the nature of prematurely clogged mid-channel deposits, examples of which are shown in Figure 3-1.

Figure 3-1: Nine DPT axial (“side”) cross-sections used in analyzing the location, frequency, length,
density, and spatial consistency of mid-channel deposits in a DPF after a given engine test cycle has
been completed (e.g., a given soot-ash ratio applied until a threshold ash loading is achieved). The
top of these images is the outlet, or downstream, region end, which is evident due to the presence of
clearly discernible end plugs.

New terminology and metrics for describing MCC are proposed, and statistical testing is conducted
to assess the consistency of ash distribution both axially and radially within the DPF. This is in part

due to fact that gradients exist for both temperature and velocity profiles within the DPF.
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3.1 Experimental Setup and Key Testing Parameters

The experimental setup included a single-cylinder diesel engine coupled with an accelerated ash
loading system (e.g., commercial burner and combustion chamber). The overall system apparatus
used to generate ash and soot in the quantities and conditions desired—and then filter diesel engine
exhaust—is depicted in Figure 3-2. The diesel engine, whose specifications are provided in Table 3-

1, was used to produce PM, some ~99% of which is soot [19].

Table 3-1: Key specifications of the diesel engine used in our series of experiments.

Parameter Description

Model type KD15-440
Cylinder type Single cylinder
Bore x Stroke/mm 86 x 76

Fuel Injection/CA®° 15£1° at 240 bar
PM emission/ (g/kWh) 0.6

Operating speed/rpm 3600

Rated Power/ kW 4.7 (at 3600 rpm)

A separate oil burner was used to generate ash so that a desired soot-to-ash ratio could be achieved
in the bulk exhaust flow prior to entering the aftertreatment system components, by which point the
flows from the engine and ash loading system had been well mixed [19]. The SAE 15W-40 CJ-4 oil
was injected as a spray mist directly into the ultra-low sulfur diesel flame to yield metallic ash

particles entrained in the exhaust flow nominally at 40,000 hr~?

space velocity and 350 degrees
Celsius, which was increased to 550 Celsius during regeneration. The aftertreatment system
consisted of a cooling bypass valve for regulating temperature, the diesel oxide catalyst device for
converting carbon monoxide and hydrocarbons to carbon dioxide and water, the DPF just before a

“sucker” vacuum pump used to drive the airflow through the system, and a parallel circuit around

the DPF used to sample the constituents of the exhaust that enters the DPF.
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Figure 3-2: The expetrimental setup used to generate ash/soot that enters a DPF, described above.

A real view of the DPF holder and associated measurement probes is shown in Figure 3-3.
While the probe numbers do not perfectly align with those shown in Figure 3-2 (e.g. only three of
the four thermocouples are visible), the setup is reflective of the schematic and provides good visual

reference regarding the assembly in which the DPF is placed during system operation.

g

' -
Soot/Ash Sampling
Soot/Ash Sampling

Figure 3-3: The assembly containing the DPF—and surrounding probes—used during testing.
Pressure and temperature probes are used to measure corresponding flow properties before and
after each major component in the aftertreatment system. One major drawback of this particular
setup is the lack of ability to probe temperature within the DPF at different locations.

Temperature and pressure upstream and downstream of components were continuously
monitored, and loading was calculated periodically after regeneration until desired degree of ash

loading (e.g. 10 grams per liter) was achieved, after which the system was turned off and DPF
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removed from its holder, transported a few miles down the road to Harvard University’s materials
science research facilities, and imaged using an X-Ray CT scanner. Thereafter, image analysis could
commence. Regeneration exhaust temperature, flow rate, and regeneration duration were kept
constant during a given test condition. Figure 3-4 provides the backpressure readings taken
periodically across soot-ash ratios, after regenerations had been completed. Note that the maximum
ash loading achieved was just shy of 8 grams per liter, corresponding to around 30,000 miles of

vehicle operation.
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Figure 3-4: DPF Backpressure results taken across soot-ash ratios from 0.25 to 8.0.

This process was repeated for each new test iteration corresponding to a new operating point in the
test matrix of metrics under investigation. Images under study all derived from a combination of
four DPF blocks, each with outer dimensions of 1.65 inches wide X 1.65 inches tall X 12 inches

long, illustrated in Figure 3-5 below.

Figure 3-5: Four-block configuration of the DPF used in experimentation. Each block consists of
28-by-28 channels, half of which are inlet and the other half outlet, therefore exhibiting alternating
plugging at the channel ends.
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Note that this geometry differs from a standard cylindrical DPF. Key specifications are summarized

in Table 3-2 below.

Table 3-2: Summary of specifications for the DPF used in our test bench apparatus.

DPF Parameter Value

Model Homemade
Length 12 mches

| Cross-Section Dimensions 3.3-bv-3.3 inches (square section)
Substrate Material Cordierte

| Cell Density 300 cells per square imnch (CPSI)
Channel Wall Thickness 12 mul (0.3mm)

' PM emission/ (g/kWh) 0.6

3.2 Introduction to DPF Image Analyis

Described in further detail later in this chapter, the DPF itself was analyzed by considering one
of two different cross-sectional views: “front” and “side,” corresponding respectively to the
indicated ¥ — Z and § — X planes, as shown in Figute 3-6. The yellow borders in the figure were
inserted for illustration purposes only. Note that only ash plugs were visible in these scans; soot was
not, which significantly hampered our ability to determine whether MCC and other abnormal PM

accumulation within the filter channels are mostly due to the effects of ash or soot.

y

Flow direction

Figure 3-6: Sample image scans showing two different types of DPF cross-sections: the left
represents a “front” view of the DPF, wheras the right is a “side” view showing one axial cross-
sectional slice of the DPF channels. Either can be used independently to analyze the nature of ash
agglomeration within the DPF; both were over the course of this study.
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The left image shows a “front” cross section view for exhaust flow into the page, which provides us
with a sense of radial ash / soot distribution at a given longitudinal axial position along the DPF.
The right image instead provides us with a length-wise (i.e. side) perspective of the DPF, in which
full channel lengths are visible and thus axial distribution of ash / soot is readily visible for a given
cut.

By taking several such cross sections across the entire filter (from 0 to 1 in terms of
nondimensional spatial coordinate), a full 3-D representation of the DPF can be generated. As a
descriptive example, say for instance that we (statistically) requires 101 cross-sectional “front”
images in order to complete our analysis. According to the conventions provided in Figure 3-6, 100

slices of equally spaced “front” cross sections would be taken from the inlet end of the DPF (X =

X

% = 0) to the outlet of the filter (at X = o= 1),ie. y — Z slices where X = 0,0.01, 0.02 ...1.0.
The concept is depicted in Figure 3-7, which applies for a generic case in which N cross sections are

taken to represent the full DPF.

DPF “side” view (¥ — X) cross-sectional images

Figure 3-7: A series of N “side” view images evenly spaced in the Z-direction that are used to
together represent the full DPF. While there are only 14 open channels in a given direction for the
blocks used in our experimental setup, taking more than 14 cross sections allows us to obtain
multiple snapshots per channel, accounting for intra-channel variation in PM deposit properties and
accumulation intensity.

Note that for the “side” view, the DPF walls are ignored and the nondimensional Z position only

represents the distance traveled in the regions between the DPF channel walls. This of course

prevents the use of cross sections showing just the DPF wall substrate.
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Statistically sufficient quantities of images were compiled so that conclusions about prevalence
and consistency of MCC formation could be drawn with statistical accuracy and significance. Key
metrics used to determine degree of MCC plugging include: a) percentage of channels and cross-
section plugged (i.e. plug fraction %), b) intensity of plugs within a given channel, and c) other
measures of plugging prevalence and consistency within the DPF.

The front face cross section of the block, shown in Figure 3-8 shows the 28 X 28 channel
configuration of one of the four blocks contained in the DPF we are analyzing. Given number of
channels N and cell density o, the expected outer dimension s of a square block is found by:
N
a

s = (3.1)

In our case, sis then approximately 1.62 inches in length. Figure 3-9 shows each length of the block
front face to be around 1 :—Z =1.625 inches, which agrees with the theoretical prediction from the

prescribed channel density. Figure 3-9 shows that the length of the DPF is 12 inches, as specified by

the manufacturer.

Figure 3-9: A side-face view of the block under study, with a ruler for referencing size and scale.
Note that the blocks were individually wrapped and carefully transported from the site of testing
(MIT’s Sloan Automotive Lab) to X-Ray CT scan facilities located a few miles down the road at
Harvard University.
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3.3 Test Matrix for Experimentation

The overarching goal of this research is to better understand the engine operating conditions
under which premature clogging of the DPF is more likely to occur. Doing so will enable
manufacturers to proactively design the system in a manner that effectively mitigates the onset of
MCC in DPFs, thereby avoiding the associated increase in backpressure and reduced lifetime of the
devices. Conditions that are hypothesized to give rise to premature clogging are encapsulated in a set
of test metrics that are iterated in order to determine their impact on ash accumulation in the DPF.
A test matrix showing proposed variation in key parameters is included in Table 3-3, and a sample

schedule for iterating the different metrics in testing is given in Table 3-4.

Table 3-3: Parameters and corresponding values intended to be varied—one at a time—in order to
assess each property’s impact on the development of MCC in DPFs.

Parameter Proposed Test Values
Soot-ash ratio 0.25, 1.0, 2.5, and 8.0
Filter materials Cordierite and Silicon Carbide
Filter geometry Symmetric and Asymmetric
Space velocity' 20,000, 40,000, and 60,000 hr
Regeneration exhaust temperature 550 and 650 degrees Celsius

Table 3-4: Calendar of experimental activities to investigate the impact of several metrics on ash the
behavior of ash accumulation in a DPF.

Months

Month 6
Repeat Previous Test Conditions; Soot/Ash = 4:1(Sample2), 1:4(Sampled) and 1:1{Sample4)
Try Mew Test Condition; Soot/Ash = 8:1(Sample5)
Try New Filters (Asymmetric, Sic)

Transfer the Experimental Result to Actuzl Engine Operation

Visualize the Mechanism of Mid—channel Ash Deposit (Flow Bench with CCD Camera)
Try High SV, Pulse Flow to Move Wall Ash @ Flow Bench

Find Solution to Avoid Mid—channel Ash Dep-

Simulate the Mechanism of Mid—channel Ash Deposit via CFD

Inspections (X-ray, ESEM, XRD...) of Previous Sample 1-4

10. Inspections (X-ray, ESEM, XRD..) of Field Samples

. Inspections (X-ray, ESEM, XRD...) of Repeated Sample 1-4

12. Inspections (X-ray, ESEM, XRD..) of Sample 5

13. Inspections (X-ray, ESEM, XRD...) of Mew Filters (Asymmetric, Sic)

Experiment

Items

@@ s~

Analysis

Experiments were run using the apparatus and test matrix described above. The first set of tests
varied soot-ash ratio from 0.25 to 2.5, and subsequently analyzed the resulting image scans to

identify patterns in ash/soot accumulation behavior. Notable differences across some test metrics

! Includes flow rom both the engine (producing soot) and burner (generating ash).
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(such as frequency of channel plugging and spatial distribution of ash agglomerates) were observed.
The results are, however, inconclusive since real-world soot-ash ratios are much larger on the order
of 100-to-1, and test conditions were not necessarily directly comparable since proportionally more
ash was introduced into the DPF with higher soot-to-ash ratios. Sweeping soot-ash ratios from 0.25
to 8 while maintaining constant operation of the engine (i.e. fixed soot output) not only required a
correspondingly linear increase in runtime to achieve the same ash loading prior to regeneration, but
also always fell well below the real-wotld soot : ash = 100. The high proportion of ash to soot was
applied in order to accentuate the effect of increasing quantity of ash.

After a given variable value is modified, X-ray CT scans were generated and analyzed to assess
the corresponding metric’s impact on ash accumulation (e.g., axial and radial distribution). This then
yielded a set of analyses that help determine optimal values across the metrics for desired DPF
performance, thereby informing a healthy compromise between backpressure and regeneration
frequency for fuel economy, all while ensuring adequate filter device durability. Note that over the
course of the research effort to date, only the parameters soot-ash ratio, space velocity, and

temperature have been varied, and each parameter has produced inconclusive results.

3.4 Opverall Process for Image Analysis

The steps involve in image analysis are as follows:

1. Select engine operating points and run the engine at conditions given by the correpsonding
soot/ash ratio (e.g., soot-ash-ratio = 2.5), until a specified ash loading (e.g., 10 grams per
liter) is achieved. Note that the soot flow rate was kept constant due to an unchanging
engine operating point. Thus, for a higher soot-ash ratio, less ash is produced by the burner,
which lineatly proportionally increases the time it takes for the filter to reach a given ash
loading.

2. Remove the DPF from its test apparatus encasing and transport it to an imaging center.

3. Conduct X-Ray CT scans until a desired number of cross sections have been imaged. Note
that in this study, 3000 cross-sectional images were obtain in both axial and laterial directoins
for every DPF imaged, and a subset was taken according to how many cross section images
were statistically required for a given anaylsis.

4. Upload raw image files into software that allows for manipulation of images (e.g., changes in

brightness, contrast, zoom), preferably that includes digital measurement functionality.
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5. Optimize image contrast until a clear, visible continuum in shade exists to differentiate areas
of dense agglomeration from regions of less plugging, with the maximim shade (of black or
white) corresponding to the region of peak ash agglomerate density for a given DPF.

6. Segment images axially into thirds to enable labeling of plugs as upstream, mid-channel, or
downstream. For “side” cross sections, number each channel in each cross section from 1 to
14. In the case of the “front” view (J — Z) plane cross sections that show the full DPF grid
pattern of 14-by-14 open channels, segment channels into equally-sized quadrants.

7. Convert image data to numeric values corresponding to metrics of interest, using built-in
functions in software. This includes measuring and compiling the distribution and intensity
of ash accumulation across all visibile locations and dimensions of the DPF, which may be
accomplished by integrating the shade of a plug over its height and width, such that you are
effectively solving the area integral:

Magnitudeyp,gging = ﬂ Intensitygpage * dA (3.2)
A

Note that 44 may also be expressed as dx-dy, as one integrates the intensity of plug density
first in one direction (e.g., radially across the channel width), and then in the normal
direction (e.g., axially along the length of the channel for the “side” cross sections and
vertically across the face of the DPF in the case of the “front” view).

8. Analyze the data and generate insightful results for metrics of interest.

9. Use statistical tools to calculate mean and standard deviation, including statistical similarity
tests among data sets in order to assess consistency and significance of ash accumulation
distributions.

10. Synthesize findings and generate useful characterizations of plugging behavior in the DPF
across operating conditions, including % of channels plugged, distribution of plugs and their

intensities axially and radially, distribution of plug lengths, etc.

This workflow is represented immediately below in Figure 3-9, where some items from the previous

list have been combined into a single step.
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Figure 3-10: Cycle of work for conducting DPF image analysis.

Post-processing of scans was conducted by importing JPEG image files into Image-Pro Plus
software, and then using the program’s functions to enhance image quality until measurements can

reasonably be made.

3.5 Ensuring Statistical Significance in Results

While a system was designed and implemented in order to collect data for analysis, it was
important to determine how much data (i.e. how many cross-section images) needed to be collected
and analyzed so that they are reasonably representative of the entire data set (i.e. full 3-dimensional
volume of the DPF). Consequently, for a set of X readable images from a presumably infinite
population of possible cross-sections across the DPF, we may apply probability theory in order
attain 95% confidence that the sample set we analyze is representative of the entire PDF. From
statistics, we find that X is given by the following equation, which assumes that we are dealing with

measurement variables whose sample values are taken from a population of infinite size, where z-
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score represents a constant corresponding to a certain level of precision (e.g. 95% or 99%), o is the

standard deviation of the data, and margin of error is set based on accuracy needs [81]:

(z — score)? x g?

~ (margin of error)? (3:3)
We apply the standard 95%-confidence z-score of 1.96. We arbitrarily set the margin of error to
+10%, a rule of thumb common in engineering practice. However, for some metrics such as ash
plug distribution, a more appropriate error margin can be applied. The standard deviation o,
however, is not known a priori and is thus estimated using the six-sigma rule for normal
distributions: the standard deviation is approximately the range R of the data divided by six [81].
Considering the nature of the metrics of interest, which will be further described later in this report,
enables us to calculate the number of samples needed to attain statistical significance in our results.
The metrics include: variability in plugging observations, percent of channels prematurely plugged,
and both radial and axial distribution of DPF plugging.

Variability testing is used to help verify that the sample we select is indeed representative of the
population, and thus does not require extraordinary precision; a 10% margin of error can be
retained. Hence, the total number of samples to address variability testing can be calculated as
follows, where half the range R/2 is assumed to be the nominal mean (i.e. reference) value, for

which 10% is the acceptable margin of error:

R 2
(z — score)? x ¢? (1.96)* x (g) , _ (20 2 ]
X= , = — = (1.96)“ x (—) = 43 required samples
(margin of error)? 1\ (R 6
() )]

Since the percentage of channels represents an integer number divided by (in our case) 14 total
channels that could be plugged, we would like to limit our margin of error to approximately 1 in 14,
ot 7.1%. Using the six-sigma rule, we have a range of 14 channels, which when divided by 6 yields

2.33 channels per standard deviation. Or, as a function of the range of channels R (where R = 14 in

our case):
R 2
(z — score)? x g2 (1.96)* X (g) ) 14\? ]
= : 5= > = (1.96%) X (—) = 21 required samples
(margin of error) (R ) 6
14
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Radial distribution of plugging is analyzed to determine whether there is statistically significant
asymmetry in plugging pattern within the DPF block. This is accomplished using t-testing for
independent samples. Based on .4 Power Primer by Jacob Cohen, if we apply power statistical analysis
for the t-test that assesses whether two independent means are statistically similar, while assuming
95% confidence (« = 0.05) and a medium effect size of d = 0.50, then using the formula [82]:

16 34
= -

o

we obtain a required n = 64 number of samples for each group.

Axial distribution of plugging is used to both approximate the degree of premature ash
accumulation, as well as predict backpressure via the application of appropriate fluid mechanical
theory. Hence, we may apply the equation to determine the number of samples from an infinite

population, as before:

2

R
(z — score)? x g2 (1.96)% x (g) L (20\? ]
X= , = — = (1.96)“ x (—) = 43 required samples
(margin of error)? 1\ /(R 6
() )]

Note, however, that these results are borrowed from widely accepted statistical theory that is
premised on the notion that data is normally distributed. While the intensity of axial distribution of
ash in the channels likely resembles an exponential distribution, we assume for our purposes that a
comparison across axial (e.g. exponential) distributions will result in the analysis of a normally
distributed data set. Hence the standard t-test with o = 0.05 and a specified margin of error (e.g.,
10%) applies.

Reviewing these results, we find that the largest number of required samples is from the test to
compare the means of two independent, normally distributed data sets. Hence, we conclude that we
should take at least 64 images (from the full set of 3,000 in each direction) for each operating
condition to be used as a basis for comparison. In this report, results reflect data sets in which at
least 64 image files are analyzed. Specifically, 66 cross-sectional scans were used in “front” view
analysis, and between 74 and 80 images were used for “side” view images. For the latter, 70 images

were initially extracted to represent an even multiple of the 14 open channels. However, due to a
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significant quantity of unreadable image data resulting in “N” scores, additional data points—

between 74 and 80—were instead used.

3.6 Data Set: Image Files

It was decided that a either a white or black backdrop with respectively darkened or brightened
sections used to represent ash accumulation would be the most appropriate means of visual
illustration given the contrast that could be derived from the approach. When an image was loaded
into the program, it was manifested as a dark background without discernable channel walls and
only slightly contrasting of the filled sections (e.g., ash plugs and channel walls). This is represented
in the left image of Figure 3-11. Using the “Enhance = Equalize = Best Fit” function in Image-Pro
Plus resulted in a transformation to the right image of Figure 3-10. Channels are clearly visible by

contrasting with the backdrop, as are instances of ash accumulation.
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Figure 3-11: Raw image JPG file (left) enhanced by adjusting and inverting contrast (right).

This new representation scales accumulation density between pure white (no ash) to completely
black (highest density, full plugging), which conveniently enables us to generate a map—for each
cross section—of coordinate values that contain both location and relative intensity of

accumulation. The same concept is illustrated in Figure 3-12, instead with a black backdrop and

white ash agglomerates.
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Figure 3-12: Enhanced CT X-Ray image indicating location and axial degree of plugging along the
channels. Note that the densest ash plugs possessed densities ~1 g/cm’, with most ~0.11-0.54
g/cm’.

We notice here the presence of several ash plugs that have formed at various positions upstream of

the channel ends, which we have referred to thus far interchangeably as premature plugging /

clogging, MCC, and MCD.

3.7 Conversion of Image Contents to Numeric Data

In order to determine metrics of interest, raw images needed to first be processed so that a
continuous numeric scheme could be developed and used to spatially map ash agglomerates of
varying intensity within partially plugged channels. Once images were enhanced with the desirable
contrast, numeric values for plugging intensity and geometry were assigned to each agglomerate and
then analyzed accordingly. Analysis, however, required a segmentation of image components into
equally spaced sections that would enable a comparison of spatial deposit distribution. For the
“side” view images through which axial and radial distributions could be ascertained, full channel
lengths were visible. The three axial segments were equivalent in length: inlet accumulation refers to

ash in the upstream-most third section of each channel’s axial direction. Similarly, the mid-channel
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refers to the middle third (axially) of the DPF, and the outlet region is the aft third where the end

plug region is located.

3.7.1 Image Data Generation for “Side” View Cross Sections

While each block in the DPF has 28 channels along the ¥ and Z dimensions, respectively, the
alternating open and closed design of filter channels results in only half (or 14) of the channels
accumulating ash deposits, with the other 14 remaining clean and conducive to unfettered flow of
the exhaust gas stream that is (ideally) no longer laden with particulate matter. Figure 3-13 illustrates
the axial segmentation and corresponding syntax of a single cross section in the y — x plane used
throughout the course of the present DPF ash accumulation analysis. Each segment (inlet, mid-
channel, and outlet) and channel combination was given a separate score for degree of ash
accumulation. Note that this is only one of many cross sections that were combined to represent

analysis of a DPF for a given enigne operating condition and set of test parameters.

= — et
Figure 3-13: A DPF “side” (y — x plane) cross section scan segmented axially into thirds, open
channels numbered from 1 to 14.

The analysis was done across 64+ equally-spaced slices via both “front” (y — z) and “side”
(y — x) views for each operating condition. The corresponding data for both cross-sectional plane
views are provided in Appendix A. When segmentation was complete, a method of consistently
tabulating ash accumulation behavior for each DPF snapshot was applied. Given the metrics of
interest, a table was generated that represents the degree of ash accumulation in each section of the
DPF. A snapshot of one such table is given in Table 3-5 below. Degree of ash accumulation is based
on both visible ash density and accumulated plug length. The leftmost column represents the

location in memory of the raw scan image.
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Table 3-5: The first five data points for operating Point 2 (soot : ash = 0.25) showing ash

agglomeration intensity tabulated per channel and corresponding “third” section. There are quite a

few unassessable “N” values in this sample data set.

Raw
Image

60

70

80

90

100

The table exhibits the presence of several “N” scores. While Figure 3-13 respresents a “clean”
DPF cross section in which every section of every channel is clearly visible, real-world scans
sometimes produce regions that are distorted and often indecipherable due technical imperfections
in the scanning process. Figure 3-14 depicts how an instance of optical distortion—sometimes
referred to as optical “bleaching” due to undesirable brightness saturation—appears during image
analysis. The inlet region in the figure suffers from only one instance of substantial distortion, near
the top of the filter block as shown in Figure 3-14, therefore receiving a score of “0” in all channels

but one, in which it is given a score of “2.” That channel is considered plugged because it scored a
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“2” or above (rules for scoring are included in Table 3-6 below). The mid-channel region suffers

from notable visual distortion near the bottom; therefore around 40% of the channels earn a score

of “N.” Applying the same logic, all channels in the outlet segment but one earn a score of “N.”
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Figure 3-14: “N” scores for each channel-segment combination to indicate visually obstructed and
thus unassessable channel ash accumulation.

As previously mentioned, each DPF cross section is segmented into both channel number and
one of the three equal-length (inlet, mid-channel, and outlet) regions, as shown in Figures 3-12 and
3-13, and 3-14 above. Degree of plugging (between 0 and 10) is then assessed for each channel
number-region combination (e.g., for Image 90, channel #2 in the outlet region scores 3), which
indicates notable plugging there. Values of “N” represent channel segments with optically distorted,
and therefore unusable, data that prevented us from determining whether ash agglomerates exist at
those locations. Data scores of “N”” were not included in the analysis, and values were normalized
accordingly. The “Is plugged?” row indicates whether a given channel is plugged. “1” means that
yes, the channel is plugged such that there was a score of at least “2” in any of its three regional
segments. A “0” score was given if there was no meaningful optical distortion in a channel and the
channel does not exhibit MCC by scoring greater than “1” in any of the channel’s three axial
regions, in which case it would earn the “1”. A value of “N” is assigned to a channel when at least
2% of a channel is optically distorted with an “N”” value and not otherwise plugged. Rules for
scoring are given in Table 3-0.

The table describes the integer scale applied, with values ranging from 1 to 10. Blanks (or zeros)
correspond to zero or marginal ash accumulation in that section, whereas a 10 implies the highest
degree of plugging, which has defined here is the equivalent of over 32% of that channel-segment
being shaded completely black. A minimum score of “2” was ascribed to any section in which the
entire width of the channel has been plugged with ash, regardless of plug length. Figure 3-13 above
has three ash plugs circled in yellow—one in channel #2 and the other two in channels #6 and #7.
For reference, channels #2 and #7 score a “2” under our scoring scheme, whereas channel #7
scores a “3.” If the plug in the “outlet” region of channel #6 were approximately 25% longer, then it
would receive a score of “4.” Note that a higher score is expected to increase the backpressure
generated by flow through the DPF due to the presence of greater resistnace to flow, which will be

described in greater detail in Chapter 4.
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Table 3-6: A description of each plugging intensity score assignable to channel segments. Note that
the presence of full plugging (complete ash bridging of a channel regardless of axial plug length)
anywhere within the channel region fulfills the criterion for a score of “2.”

“Side” View Score Corresponding Description

Blank or 0 Traces of plugging, effective plugging < 1%

1 No full plugging, effective plugging < 2%

Full plugging and/or effective plugging < 4%

2+ isolated plugs and / or effective plugging < 8%

Effective plugging < 12%

Effective plugging < 16%

Effective plugging < 20%

Effective plugging < 24%

Effective plugging < 28%

O oo | & Uil KA O DN

Effective plugging < 32%

10 (never assigned) Effective plugging > 32%

The system was designed to linearly correlate score with effective flow resistance in the channel,
which would therefore yield scores that directly proportional to channel backpressure. Note that
100% effective intensity means that the channel segment is fully plugged with all either black or
white shading, in contrast to the background shade. Since the maximum effective plug percent
observed in a given segment was around 35%, the threshold percentages were staggered by 4
percentage points, with 32% marking the final increase in score from a 9 to 10. Effective intensities
scale linearly based on both shading intensity and plug length. An equation for effective plug

fraction Pefrective can then be written as follows, where g; is the degree of blackness of a given plug

of area A; (white = 0, black = 1), and Ay¢q; is the total area of the channel segment under study (i.e.

the width times the length of the rectangular channel segment):

Y. 0,4,
Peffective = % (3.5)
total
For rectangular plugs, 4; is given by:
A =1 Xw, (36)
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[; is the length of plug element and wy is the width of the channel, per counting pixels digitally.

Calculations were initially done manually with the assistance of measurement tools embedded
into Image-Pro Plus software that enabled precise via pixel counts and area intensity calculaitons.
Since we are interested in the fraction of the channel segment plugged, we begin by finding the
length of plugs and dividing by the overall segment length. The blue font in Figure 3-14 gives both
dimension numbers (D5 and D6 in this case) followed by pixels corresponding to that length
measurement. As the entire channel is measured to be 2984 pixels long, which we divide by 3 in
order to find the length of each channel segment. Plug lengths (e.g. D6 = 152 pixels) may then
divided by the channel segment length to find the fraction of the segment that is plugged.

X ket = r
W .-‘Tm__ﬂ-r—_'_"f"‘-"’ e e i ——

Figure 3-15: A pixel count (linear) measurement function was used to find ash plug length.

Length, however, represents only half of what is needed to find effective plugging values. The
degree of either whiteness or blackness (in this case) reflects ash density at that Ication, which is the
other factor that scales linearly with effective plugging, per the above equation for effective plugging
intensity. Hence, we applied a different measurement tool in Image-Pro Plus that maps grayscale
shading to colors given a specified number of divisions. We applied 10 color divisions so that a
linearly increasing array of discrete colors scaled proportionately to density of plugs, the most dense

of which earned an ash plugging density score g; = 1. Figure 3-16 shows the resulting channel

spectrum that was used to asign plug density in each location of interest.

Figure 3-16: A grayscale-to-color function was used to determine relative plug density / intensity.
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The effective plug fraction for a given segment and channel may then be calculated by integrating
the intensity over the length of the plug for all plugs in a channel segment, and then dividing that

result by the total area in that segment., as follows:

JI, Intensitysaqe - dA J[, 0i-dA

Achannel,segment Acharmel,segment

(3.7)

Peffective,segment =

3.7.2 Image Data Generation for “Front” View Cross Sections

Metric tabulation for “front” views of DPF cross-sections was similar in spirit, though of
course the nature of the images, as well as the mapping of channel plug fraction to score, were
different. Figure 3-17 shows how “front” view images were segmented into quadrants. Each
quadrant was assessed for degree of total ash agglomeration on an integer scale from 1 to 10, with
an empty value representing a cross section with zero or negligible plugging. A value of “10,” on the
other hand, indicates full plugging of a quadrant (i.e. more than 95% of the inlet channels, or 47.5%
of all channels, are fully plugged and represented by white squares). Both size (percent of channel
shaded white in the case of Figure 3-17 below) and intensity (magnitude of brightness / whiteness)
were considered in scoring channels and quadrants. In Figure 3-17, the top left and bottom right
quadrants earn a score of “2,” whereas the bottom left quadrant scores a “1” and the top right

receives a blank score for virtually no ash accumulation based on image cell shading.

Top Left Top Right
Bottom Bottom
Left Right

Figure 3-17: “Front” view cross section segmentation for evaluating ash accumulation. Note that
the shading has been inverted from the “side” view such that white ash plugs are visible on a black
background.

This exercise was completed several times across each of the three operating points (S/A ratios

of 0.25, 1.0, and 2.5) under study. 66 data points were acquired for operating Point 1 (S: A = 1),
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Point 2 (S: A = 0.25), and Point 3 (S : A = 2.5). There was interesingly no discernible visual
distortion in any of the “front” view images studied. The data points were collected in evenly spaced
increments from the inlet end to the outlet end, i.e. in the X-direction. Even spacing was enforced so
that a reasonably accurate representation of DPF ash accumulation can be generated, which
precludes data sets with large gaps between cross section without apriori knowledge of expected ash
distribution. Table 3-7 depicts data generated for the first 15 snapshots collected from the DPF
representing Point 1 operation. The full data sets across each operating point are included in

Appendix A for both “front” and “side” views.

Table 3-7: Ash accumulation data representing “front” view cross sections for the first 15 snapshots
of Point 1 (S: A = 1) operation. The data represents the percent of inlet channels plugged, where 0
corresponds to negligble or ~0%, 5 to 50% plugging, and 10 to 100% plugging, rounded to the
nearest 10% increment.

Point1 (5: A =1.0)
Data#  RawImage# - Top-left ~  Top-right ~  Bottom-left ~  Bottom-right ~

1 60 3 4 2 4
2 90 3 4 2 4
3 120 2 2 3 3
4 150 3 3 2 3
5 180 4 2 2 3
6 210 4 4 2 4
7 240 4 4 5 4
8 270 6 4 4 4
9 300 5 5 5 6
10 300 4 2 3 5
11 330 4 2 3 2
12 360 5 2 3 2
13 390 5 2 5 3
14 420 6 2 4 3
15 450 4 3 5 2

3.8 Evaluating Metrics of Interest

After images were segmented, labeled, and structured in a manner amenable to efficient data

collection, image data were tabulated and stored per the manner indicated in Tables 3-5 and 3-6

110



above. After data were collected, metrics of interest could be determined. Metrics evaluated in the

present analyses are provided in Table 3-8 below.

Table 3-8: Key metrics of interest, evaluated using image analysis.

Metric # Metric Name Metric Description

Used to ensure statistical similarity of ash agglomerate

Variability of plugging results across image batches differing by a small offset

1 observations for offset based on the initial image selected and maintaining
channels } .
constant spacing between images
Indicates the degree of undesirable ash agglomeration
5 Percent of channels in a section of the DPF that does not include the end
prematurely plugged plug where ash accumulation is expected and therefore

does not represent an instance of MCC accumulation

Consistency of axial and . . o .
y Determines whether there is statistically asymmetric ash

3 radial distribution of

) accumulation in the DPF
plugging

These metrics enable us to ascertain the general spatial agglomeration tendencies of ash in the
DPF, and furthermore provides a means of predicting DPF backpressure through the application of
fluid mechanics theory to a specified distribution of ash accumulation in DPF channels. This
modeled backpressure can then be compared with empirically measured backpressure in order to
improve existing predictive models for backpressure. Metrics 1 and 2 were determined via “side”

view data, whereas Metric 3 reflects a combination of “side” and “front” view image analysis.

3.9 Testing Local Variation in Plugging Observations
Between Two Offset X-Ray CT Cross-Section Image
Batches (“Side” View)

As mentioned above, two offset data sets representing the numerically tabulated representation
of ash accumulation in the DPF were compared to ensure that the choice of initial image versus its
neighbors does not materially affect the resulting ash distribution. Variability testing for two offset
data sets consisting of images from the same scanned DPF was conducted by implementing a two-
tailed Welch’s ~test for 80 unpaired data points representing the 80 cross-sectional cuts generated
for “side” view analyses. The images were divided into two offset batches of 40 cross-sectional
images, such that they stagger one another and share the same spacing in the Z-direction [83]. The

null hypothesis Hy is that the means between the two offset data sets are statistically the same, or in
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other words that their difference is not statistically significant. An unpaired #test was used since
there were varying numbers of non-“N" valued data points, and thus a one-to-one pairing of data
values between sets was not possible. The data itself, presented in Table 3-9, reflect ash
accumulation intensity, as defined in Table 3-6. Six different combinations of left and right sides of
the DPF and axial inlet, mid-channel, and outlet DPF regions served to segment the data. Right and
left correspond to two halves of the DPF blocks as labeled above in the “front” cross section

schematic, Figure 3-17.

Table 3-9: Plugging intensity values across six segments for two batches from the same data set.

Top Top  Middle Middle Bottom Bottom

Batchl Left  Right  Left  Right Left  Right
# Channels 40 40 40 40 40 40
# Channels not "N" 30 28 29 29 29 26
Effective Plugging 327 277 043 126 014 058
Standard Deviaton 235  1.63 077 117 035 091

Top Top  Middle Middle Bottom Bottom

Batch 2 (Offset
atch2 (Offse) 1k Right Left  Right Left Right

# Channels 40 40 40 40 40 40
# Channels not "N" 30 28 29 29 29 26
Effective Plugging  5.27 4.96 2.84 3.54 2.64 3.22
Standard Deviation 8.04 8.09 8.51 8.35 8.69 8.69

We notice that the higher average effective plugging value between batches 1 and 2 alternates across
the six segments. Furthermore, it seems that the average values are fairly similar, especially
considering how much larger the standard deviations are from the difference of means. However—
again—in order to make this a more rigorous comparison of means, we will apply an unpaired, two-
tailed Welch’s ~test. The general equations to be applied follow—the first yielding the statistic #and
the second calculating the number of degrees of freedom df. The variable X represents a sample
mean, NN is the number of samples, and s 2is the sample variance (i.e. the square of the sample
standard deviation). The equation for the statistic ¢ is given by Welch’s ~test designed for unequal
variances, while maintaining the assumption of normality. This test is an approximate solution to the

Behrens-Fisher problem.
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t = K17 X% (3.8)
52

Nz

51
N,

+
We notice that the denominator is not based on a pooled variance estimate. The number of degrees
of freedom df associated with this variance estimate can be approximated using the Welch-

Satterthwaite equation, as follows.

2

(3+3)
df ~ 7 1 2 o (3.9)
+
Nf(N; —1)  Nj(N,—1)

Both t and df then readily follow from Table 3-6

Results are expressed in Tables 3-10 to 3-12 below for three different segmentations of the
DPF, which indicate that the null hypothesis holds and the mean plugging values between the offset
batches are statistically similar. Recall that our null hypothesis is that the difference of means
between the two unpaired data sets of different variance is statistically not different (i.e. negligible).
Thus, assuming a = 0.05 and a two-tailed normal distribution, if our p-value is < 0.05 then we reject
the hypothesis, which implies that there is a statistically significant difference between the means of
the offset data sets. Otherwise, when p > 0.05, we fail fail to reject the null hypothesis and conclude

statistically equal sample means.

Table 3-10: Two-tailed Welch’s ~test for Point 1 with the DPF segmented into six regions.

Outlet Left Outlet Right Mid-Channel Left Mid-Channel Right  Inlet Left Inlet Right

t score 0.41 0.70 -0.48 -1.15 2.11 0.73
df 62.96 53.97 62.77 59.99 28.00 44.74
p-value 0.69 0.49 0.63 0.26 0.05 0.47
Means equal? Yes Yes Yes Yes Borderline Yes

Table 3-11: Two-tailed Welch’s #test for Point 1 with the DPF segmented into three regions.

Outlet Mid-Channel Inlet
t score 0.66 -1.02 1.14
df 118.93 124.99 98.26
p-value 0.51 0.31 0.28
Means equal? Yes Yes Yes
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Table 3-12: Two-tailed Welch’s ~test for Point 1 with the DPF segmented into two regions.

Left Right
t score 0.35 0.49

df 186.05 170.35
p-value 0.77 0.63
Means equal? Yes Yes

We observe that in each case, means of offset data sets were statistically equivalent, and we therefore
confidently retain our null hypothesis that offset points from the same data set are statistically equal.
This verifies that results are consistent and repeatable for a given operating point regardless of the

choice of initial image (i.e. offset / phase).

3.10 Percent of Channels Prematurely Plugged (“Side” View)

Based on Table 3-6, and as previously stated, a channel visible in “side” view image analysis is
considered plugged if at least one of the segments achieves a score of at least “2.” Conversely, a
channel is considered not plugged if none of its segments scores “N” (i.e. optically distorted beyond
what may be confidently inferred by visual inspection), and if none of its segments achieve a score
of “2” or greater. Thus, each segment in an unplugged channel must score either values “0” or “1.”
The percentage of channels plugged is calculated as the number of channels plugged divided by the
number of channels that do not earn a mark of “N” in any of their segments. That is, only channel
segments whose plugging distribution can be completely discerned are considered in the the analysis.

Table 3-13 summarizes premature plugging percent for each operating point. Note that the
number of samples that have no segments with score “N” is less than the 64 mentioned before. This
is the case because although over 64 images were used in the analysis, several of them had some
level of visual distortion that necessitated the removal of those distorted channels from the
calculation used to determine the percent of channels that are prematurely plugged. Tables 3-14, 3-
15, and 3-16 provide detailed statistical accounts of the percent of each specific channel plugged
across the three operating points, and are summarized in Table 3-13. Again, note that the number of
channels for each operating point in which no segment is illegible is notably less than the total
number of channels investigated for a given operating point, due to optical distortion / imperfect
images yielded by the X-Ray CT scanning equipment used to generate visual cross sections of the
DPF. The 14 channels displayed in the first row of Tables 3-14 to 3-16 correspond to those

representing the x-axis of Figure 3-18. “Average value” represents the mean percentage of channels
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plugged across all visually discernible snapshots of a given channel # that corresponds to a specific

operating point.

Table 3-13: Summary of premature plugging prevalence for all channels across specified operating

oints.
Number of Average % Channels | Standard Deviation
. . Number of Ny . o
Operating Point non-"N with Premature of % Channels
Samples .
Samples Plugging Plugged
Point 1 (S: A = 1.0) 80 35-51 49.6% 50.0%
Point 2 (S: A = 0.25) 74 40-44 73.6% 44.1%
Point 3 (S: A = 2.5) 80 46-52 72.2% 44.8%
Table 3-14: Summary statistics for percent of channels plugged for operating Point 1 (S: A = 1.0)
.~ Pointl(Soot:Ash=10) |
___________ Channel# | 1 .2 /3 4 5 6.7 8 9 10 1 12 13 14
_ #Chamncsnot™N' 51 S0 49 43 41 41039 40 41 41 38 %6 35 38
A % MCC f | | ! 1 3 i : ; E : i ,
verase RPTTA 44"/0155"/0163"/0‘51"/0‘56%151%=35%’41%’37"/0139"/0561%577"/0 37%
,,,,,,,, given Channel  © @
. Standard Deviation | ,59%,,,59,0,/9_,59,%,4,4,9%,,5,1,%,,,5,9%,_,5,1,,0&,4,8?/,9,,,59%,,,‘,‘,9,,0,/9,L,5,@,%,,,4,,9,0,/9,.,,‘@?/9,4,9,?/,0,,
Table 3-15: Summary statistics for percent of channels plugged for operating Point 2 (S : A = 0.25)
Point 2 (Soot : Ash = 0.25)
Channel # 1 2 3 4 5 6 7 8 9 (10 {11 ;12 | 13 | 14
# Channels not "N" 42 1 44 1 44 0 43 1 41 1 40 | 41 0 42 0 42 0 42 0 42 0 43 1 43 1 43
A % MCC fi
verage ™ 1% 520 1 84%  91%  91% | 88% 80% 80% 76% 79% 88% 86% 77% 35% 26%
given Channel
Standard Deviation | 51%39% ! 32%{ 32% | 35% : 42% | 42% | 44% | 43% | 35%{ 37% | 44% | 48% | 44%
Table 3-16: Summary statistics for percent of channels plugged for operating Point 3 (S: A = 2.5).
Point 3 (Soot : Ash = 2.5)
Channel # 12 :{3!4{5 6789 1011213 14
# Channels not "N" | 47 1 46 | 47 | 51 | 49 1 49 | 50 | 52 | 49 | 51 | 52 | 52 | 51 | 48
A % MCC fi
verage O 43% 6% 81% | 75% [ 73% T1% 2% 69% 84% 78% 81%  81%  67% 58%
given Channel
Standard Deviation 1 50% 1 43%  40% | 44% 1 45% | 46% 1 45% | 47% 37% | 42%{ 40% | 40% : 48% | 50%

From the data, we see that around 50% of the time at one of the three prescribed operating points, a

given channel in the DPF exhibits MCC somewhere upstream of the end plug. Furthermore, the
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middle soot-ash-ratio of unity (Point 1) yielded significantly less premature plugging than Points 2
and 3 did. In fact, Figure 3-18 below plots the above data and shows that there is a notable drop in
plugging frequency for Point 1. It also indicates that there may be a tendency for ash to accumulate

less on the outer channels (1 and 14) of a given block than near the block’s radial center.

"Side" view plug frequency (%) versus Channel for Soot : Ash = 0.25, 1.0, and 2.5
| |

1000/0 T T T T
Point 1 (S: A = 1.0)
90% = = Point2 (S: A=0.25|
’,'——~~\~~ Point 3 (S: A = 2.5)
80% - ~_——— = = - -

el

]

&0

&0

-; 70%

E

g 60%

4]

=

) v

o 50% k.

g

9 40%

[

o

8 30%

s \

4

<  20% - -
10% .
00/0 | | | | | |

2 4 6 8 10 12 14
Channel # (in one of four DPF blocks)

Figure 3-18: Percent of channels plugged across operating Points 1-3. Premature plugging is less
prevalent for Point 1, as well as in a given block’s outer channels.

The process of determining percentage of channels plugged was eventually automated using an
in-house MATLAB script written by Yuesen Wang, a postdoc in the automotive lab during the
period over which these experiments were taken [84, 19]. His script generated a 3-dimensional
depiction of variable-density ash plugs from the thousands of cross-sectional snapshots taken
throughout the DPF, illustrated in Figure 3-19 below. Variants of such a representation were used to

assess ash plug distribution across the particulate filter.
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Flow direction

Figure 3-19: A 3-dimensional rendering of all ash plugs observed in a DPF via X-Ray CT scans,
consolidated using MATLAB code [84].

These 3-dimensional representations of ash agglomerates in the DPF were used to calculate the

pressure drop across the filter in the next chapter of this dissertation, Chapter 4.

3.11 Variation in Distribution of Plugging (“Side” and
“Front” Views)

Of interest is whether ash agglomerates plug the DPF symmetrically, both axially and radially.
Beginning with the axial distribution, we are interested in both the change in degree of premature
plugging in different axial locations, as well as expected location of initial plugging in each channel.
Beginning with general axial plugging, Tables 3-17, 3-18, and 3-19 summarize plugging intensity in
the three different axial channel segments (inlet, mid-channel, and outlet) across Points 1, 2, and 3.
These data represent a synthesis of “side” view cross sections across the DPF. Each table displays
the total number of cross sections considered, average “side” view effective plugging score in each

“third” segment—according to Table 3-6—and standard deviation of the corresponding data.

Table 3-17: Effective plug intensity for Point 1 (S : A = 1.0) across axial “third” regions.

Point 1 Outlet Mid-Channel Inlet
# Data Points not "N" 121 127 121
A "Side" View Effecti
verage . ide 1e.w ective 2.9 1.0 03
Plugging Intensity Value
Standard Deviation 2.2 1.2 0.6
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Table 3-18: Effective plug intensity for Point 2 (S : A = 0.25) across axial “third” regions.

Point 2 Outlet Mid-Channel Inlet
# Data Points not "N" 117 121 121
A "Side" View Effecti
verage . ide 1e.w ective 54 0.3 0.4
Plugging Intensity Value
Standard Deviation 2.2 1.0 1.6

Table 3-19: Effective plug intensity for Point 3 (S : A = 2.5) across axial “third” regions.

Point 3 Outlet Mid-Channel Inlet
# Data Points not "N" 125 136 135
A "Side" View Effecti
verage ' ide 1e-w ective 70 34 0.3
Plugging Intensity Value
Standard Deviation 6.4 4.6 1.9

Clearly, there is far more premature plugging in the outlet region than in either the mid-channel and
inlet regions, and there is hardly any ash agglomeration in the “inlet” region for the three operating
points tested here. In fact, effective ash accumulation in the inlet “third” region accounts for less
than 3% of ash agglomerates in the DPF.

Figures 3-20 through 3-22 were instead generated via “front” image cross section analysis, and
more graphically illustrate the axial distribution of premature plugs. Note that segmentation was
done by dividing the cross section into quadrants, per Figure 3-17. As expected, “side” and “front”
image analysis express the same results, both in terms of overall plugging and axial distribution. They
are, after all, merely different representations of the same data. For example, for both analyses, Point
1 (§: A =1)yields the least absolute degree of plugging, and Point 2 (S : A = 0.25) exhibits the least
prevalence of premature plugging in the inlet and mid-channel regions. Additionally, the “front”
image results seem to indicate that the axial distribution of ash can be modeled as an exponential

distribution with a lambda parameter value of less than unity.
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Front face channel plug fraction (%) versus Image # for Soot:Ash = 1.0
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Figure 3-20: Point 1 degree of plugging along the DPF axis according to “front” image analysis.
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Figure 3-21: Point 2 degree of plugging along the DPF axis according to “front” image analysis.

Front face channel plug fraction (%) versus Image # for Soot:Ash = 2.5
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Figure 3-22: Point 3 degree of plugging along the DPF axis according to “front” image analysis.
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These semi-manually generated figures were ultimately automated and used to generate
summary Figures 3-23, 3-24, and 3-25 below. An additional soot : ash ratio of 8 was included in

these later analyses.

e Soot/Ash = 0.25

—a— Soot/Ash =1.0

—a— Soot/Ash =25
Soot/Ash = 8.0
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Downstream Mid-Channel Upstream
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Figure 3-23: Average percentage of channels plugged as a function of axial “third” region and soot-
to-ash ratio. Note that these data align with previous sentiments that there is relatively far more
plugging in the downstream end of the DPF [19].
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Figure 3-24: Axial distribution of ash agglomerates while varying soot-ash ratio from 0.25 to 8.0
[19].
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Figure 3-25: A high-resolution image indicating cross-section plug fraction for individual channels
over the full axial length of the DPF while varying soot-ash ratio [19].

To study radial distribution systematically, we consolidate effective plugging values for left and
right halves of the “side” view images separately, and then compare the means of the inner versus
outer halves of the blocks via unpaired, two-tailed t-testing (as was done before for difference of
means between the batches of data representing offset initial choice of cross section images). Inner
here is defined as the half of each block closest to the centetline of the DPF “front” face along the Z
axis. If means are statistically different, then we can claim statistical variation in plugging intensity
with radial position (or at least laterally along the Z-direction). Left and right segments were selected
because the DPF block under study here was situated in a quadrant of the overall DPF. Thus, its
entire width-wise span in the Z-direction reflects radial distribution of ash within the overall DPF
system. Tables 3-20, 3-21, and 3-22 synthesize effective plugging data for inboard versus outboard
halves of the full DPF under study.
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Table 3-20: Radial effective plug intensity for Point 1 (S : A = 1.0) comparing radially inner versus
radially outer portions of a block (each block comprising "4 of the DPF).

Point 1 Inner Outer
# Data Points not "N" 191 178
Average "Side' View Effective 13 15
Plugging Intensity Value
Standard Deviation 2.1 1.5

Table 3-21: Radial effective plug intensity for Point 2 (S : A = 0.25) comparing radially inner versus

radially outer portions of a block (each block comprising %4 of the DPF).
Point 2 Inner Outer
# Data Points not "N" 183 176
Average "Side" View Effective 24 15
Plugging Intensity Value

Standard Deviation 3.3 2.3

Table 3-22: Radial effective plug intensity for Point 3 (S : A = 2.5) comparing radially inner versus
radially outer portions of a block (each block comprising %4 of the DPF).

Point 3 Inner Outer
# Data Points not "N" 199 197
Average "Side" View Effective 1.8 32
Plugging Intensity Value
Standard Deviation 5.8 4.9

Again, we apply the t-test approximate solution to the Behrens-Fisher problem as well as an estimate
of variance using the Welch-Satterthwaite equation. Assuming a = 0.05, we arrive at the statistical
results exhibit in Table 3-23. What is striking is that, for Point 2, inboard and outboard plugging are

statistically different from one another, which implies a dependence on radial position.
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Table 3-23: Statistical testing shows that Point 2 exhibits radially varying ash accumulation behavior.

Left v. Right . . .
] ) Point 1 Point 2 Point 3
Pluggin Intensity
t score -1.30 3.01 1.05
dfterm 1 1.2E-03 8.1E-03 8§4E-02
dfterm 2 2.6E-06 1.9E-05 1.4E-04
dfterm 3 9.6E-07 54E-06 74E-05
df 349 329 384
p-value 0.19 0.00 0.29
Means equal? Yes No Yes

Analysis of radial dependence on ash accumulation may be extended by considering the “front”
view of the channel and comparing plugging intensity across the four quadrants of a DPF to one
another. This effectively serves as another means of assessing radial variation in ash plugging since,
recall, the DPF is comprised of four equal rectangular blocks arranged into a larger rectangular
block. Taking Point 1 as an example with the top-left quadrant as reference, we may use two-tailed t-
testing to determine whether there is statistically significant variation in degree of ash plugging
across the four different “front-facing” quadrants of the DPF. Results are displayed below in Table
3-24.

Table 3-24: Statistical testing to determine whether there is a difference in degree of ash plugging
across the four different “front-facing” quadrants of the DPF.

Paired Two-Sample t-Test for Means Top-left | Top-right Bottom-left Bottom-right
Mean 3.20 2.55 2.71 2.88
Variance 2.22 2.13 2.36 2.57
Observations 06 06 66 66
Pearson Correlation 0.59
Hypothesized Mean Difference 0
df 65
t Stat 3.95 2.89 1.04
P(T'<=t) one-tail 0.0001 0.0026 0.0534
t Critical one-tail 1.67 1.67 1.67
P(T<=t) two-tail 0.0002 0.0052 0.1067
t Critical two-tail 2.00 2.00 2.00

We find, interestingly, that since t-stat > t-critical for both top-right and bottom-left quadrants, there

is a significant difference in effective degree of plugging exhibited by those two quadrants when
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compared to the top-left. The bottom-right quadrant, however, has statistically similar plugging

behavior to the top-left quadrant across the axial length of the channel.
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4 Extending the Backpressure Model for DPFs to
Include MCC

This chapter is virtually identical to the corresponding sections of SAE 2019-01-0972 [19]. The
purpose of channel flow modeling is to be able to quantitatively evaluate the effects of various
parameters, such as MCC plugging axial location, radial distribution, and plugging severity (partial or
complete blockage) on DPF performance—namely, backpressure. As mentioned in the introductory
Chapter 1 of this dissertation, an accurate analytical, closed-form solution for modeling backpressure
in a loaded DPF was developed in 1989 by Konstandopoulos et al. and confirmed by the same
author via comparison to 3-D CFD solutions in 2001 [48, 80]. More importantly, the models can
help interpret the experimental results—shown previously in Figure with sound analytical basis. The
current simulations extend the fundamental flow equations of Konstandopoulos et al., which were
subsequently modified to include soot and ash wall layers and soot/ash end plugs by Gaiser and
Mucha [52, 48, 49], to cases where deposit plugs or restrictions occur somewhere upstream of the

end plug region, referred to here generally as the “mid-channel” region.

4.1 Mid-Channel Congestion (MCC) Models

In addition to the impermeable ceramic end-plugs alternately placed at the front and rear of the
inlet and exit channels, this MCC model accounts for deposits that can form anywhere part way
along the inlet channels. In one extreme, these mid-channel deposits could be solid impermeable
plugs that fully plug channels upstream of the end plug. In other cases, the plugs or congestions
could be permeable by the nature of the deposits or by their not occupying the entire width of the
channels, causing only partial blockage. The former case is called the Mid-Channel Solid-Plug
Model, which will be described first and the latter the Mid-Channel Partial-Plug Model. The reason
for breaking the presentation into two sections is that the solid plug model allows for a closed-form
solution as well as a numerical solution, while the general partial-plug case can best be solved
numerically using the “shooting” method. Solutions of the partial-plug model converge to that of
the solid-plug model when the flow restriction in the partial blockage case becomes very large such
that the partial plug effectively becomes solid and impermeable.

To account for the radially non-uniform distribution of MCC deposits, a two-step process was
applied for both the axial distribution effect plus the non-uniform radial distribution effect. The first

step is to determine the flow resistance of the MCC-plugged channels, i.e. the pressure-drop versus
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flow relationship, for the axially plugged channels assuming uniform radial deposit distribution.
This step will establish the pressure drop dependence on flow for each channel. The second step
calculates the flow-rate distribution among the channels for non-uniform radial deposit distribution.
Using the results from the first step and the variation in flow rates in the second step, the overall
effect on the total pressure drop for the filter will be determined.

The modeling described immediately below pertains to the first step, where uniform distribution
of deposits among the channels is assumed, so that the analysis can be performed on one pair of
inlet and exit channels and extended to the entire filter by symmetry. This approach has largely been

used across previous studies [57, 85, 59].

4.2 Impermeable Solid-Plug Mid-Channel Congestion
(MCC) Model

Figure 4-1, a copy of Figure 1-26, shows a simple schematic of the mid-channel (MCC) solid-
plug scenario for the simulation. From X-Ray CT imagery data, we noticed that there could be
multiple plugs (congestions) along the same channel, of various lengths. However, for a solid plug,
the location of the edge of the first (most-upstream) plug matters most. The length of the plug or
the presence of subsequent plugs will have negligible impact, as there is no flow behind the first
solid plug. In Figure 4-1, since the MCC plugs are impermeable, they act like regular ceramic plugs at
the ends of the inlet channels. Upstream of the MCC plugs, the same flow equations as in [57] apply
to both the inlet and exit channels. However, the boundary conditions are different from the
classical analyses, e.g. [56, 57]. Accordingly, the restrictions, flows, and pressure drops are different.
The results are presented below and the details in Appendix B. Downstream of the MCC plugs,

there is essentially pipe flow in the exit channels, at a constant (steady, incompressible) exit velocity.
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Figure 4-1: Schematic of the MCC Solid-Plug Model, as per Figure 1-20.

Following traditional analyses, we define the following five variables as functions of the axial
location, x, along the channels, as shown in Figure 4-1:

e the one-dimensional flow velocities u; (x), U, (x) in the inlet and exit channels respectively;
e the pressures p1(x), p2(x) in the inlet and exit channels respectively; and
* U, (x) as the wall velocity of the flow through the substrate wall, ash and soot layers.

The next question is to determine which type of model we seek to develop: one based on
parametric studies to determine the coefficients of dominant dimensionless terms, or instead apply a
more rigorous approach involving solving a nontrivial set of conservation equations that, given their
nonlinear nature, may result in a solution that requires numerical analysis via—for example—the
shooting method for solving implicit differential equations. The option involving straightforward
nondimensional terms requires using ample empirical data to validate the values of coefficients. In
the absence of such data, we opt for the more arduous approach, and thereby default to our
conservation equations, whose simultaneous solution is now modified by virtue of new boundary
conditions imposed on the problem by the presence of unplanned, upstream channel congestion.

We thus correspondingly apply five equations, consisting of mass and momentum balances in
the inlet and outlet channels, and the flow equation across the filtration layers (wall, soot and ash
layers). The five equations—which were introduced by Konstandopoulos who in turn drew his
inspiration from Bissett—are non-dimensionalized and simplified in Appendix B. Reworking the

usual fundamental equations, as discussed in detail in the appendix, and dropping a non-linear term
. . odi, . . . .
involving 1, d—; in equation B.16, we arrive at, for the case of purely Darcian flow through the

substrate wall and deposit layers (i.e. no Forchheimers nonlinear term in wall velocity), the following
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basic equation for the exit channel, upstream of the MCC plug, which is a single differential equation

in the dimensionless outlet channel velocity U, :

d*i A, bz dil b\ A bz A
2 _ 501 Pk Ao ( K) N K22 _ (4.1)

@ niga \ B B

Where Ay, A,, and B are constants involving geometric, flow, soot, ash and filter substrate material

parameters. A more detailed derivation is provided in Appendix B.

4.3 Derivation of the Closed-Form Solution for the Mid-

Channel Collapse (MCC) Pressure Drop Model for Solid
Plugs

The major difference between the MCC model and the traditional honeycomb filter
simulations, such as those in Konstandopoulos et al. [56, 57] and Gaiser et al. [59], lies in the fact
that in the MCC situation there is mid-channel clogging, in contrast to just ash and soot
accumulation as end-plugs and uniform cake layers in earlier simulations. With mid-channel
plugging, the channel flows and the wall flow through the honeycomb wall equations are only
applicable in a portion of the filter (up to 50% or more and in some cases less). The boundary
conditions are therefore different from traditional analyses. Although the derivation is
straightforward, for the convenience of future users, the new formulation and solution for the MCC
case are presented below:

The basic mass and momentum balance equations and the flow-across-channel-wall equation
(total of five) for the applicable region still remain applicable in the current analysis. The key is that
they are applicable in the filtration region only up to the location where the MCC plug begins. Due to
the different boundary conditions, the final solution takes a different form, which converges to the
conventional expressions [1,2] when the mid-channel plug is located at the end of the channel.

For easy reference and completeness, the five aforementioned mass, momentum balance and the flow-
across-wall equations are summarized in Appendix B, up to the axial location of the occurrence of the

MCC plug, per Figure 4-1 at:
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Equation B.40 reduces to the special case of an unloaded clean filter with no mid-channel
congestion (MCC), as originally derived by Konstandopoulos et al. in [56]. B.39 should be used for a

loaded filter with mid-channel congestion.

Velocities are normalized by the inlet velocity, U, for example,

ﬁzz_

Equation (4.1) is of the form (see Appendix equation B.17 as well):

2, dil, X
W - 2A1L E - 2A2Lu2 + A3L =0 (42)
Where,
A, bg bi | 4; bi Az

The boundary conditions are as follows, using the non-dimensionalization in the appendix. For
simplicity, the flow changes in the short distance of the ceramic plug length at the inlet of the

channel are not considered for simplicity.

For an MCC plug located at X = X0, M = % (non-dimensional MCC plug location),
ﬁz (0) = 0, (443)
PR =0 (4.4b)

at the MCC plug location in the outlet channel and constant thereafter, and 11, (m) = 0, which via

continuity is equivalent to:

A b,
i,(m) = Bz (4.4¢)
K
For the exit pressure in the outlet channel up to the start of the pipe flow,
P,(x =m) =A4A,,(1-m) (4.4d)
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Boundary conditions are the above collective equations (4.4a, 4.4b, 4.4c, and 4.4d). A closed-form

solution to equation (4.2) exists in which the exit velocity is given by:

1, (%) = c,e?* + c,e92% + ¢4 (4.5)

for the proper choice of the characteristic values of ¢y, ¢;, and c3, which are all functions of

material and geometric parameters. Their values are solved and given in Appendix B.

bZ
4@ =1-1 (f)b—K (4.6)

2
Lo

for X from 0 to m in the filtering section upstream of the MCC plug. Likewise, the pressures in the
inlet and exit channels can be evaluated once the velocities are known (per Appendix B). The pressure

drop across the entire filter is then given by:

4
bLo

. c c
AProrar = A1 773 + 421 [_1 (et™ —1) +-2(e%2™ — 1) + csm + 1 — m] +
by a1 az

+B;(c1q1 + c2q3) (4.7)

Using the solid-plug model above, the effects of MCC plug axial location can be quantitatively

evaluated.

4.4 Impact of MCC Axial Plug Location, Timing of MCC
Formation, and Ash Loading Level

The severity of the MCC problem, as shown by the increase in DPF backpressure compared to the
absence of mid-channel congestion, is illustrated in Figure 4-2. We observe the following from the

results depicted in the figure:

1. The MCC problem can easily increase the filter pressure drop by a factor of two and for many
conditions by several times the normal pressure drop compared to when orderly loading of deposits
towards the back of the channel occurs. Since the pressure-drop-tise factor around the major
service interval is about two or less, the MCC occurrence depicted dictates that the DPF requires

premature major service.
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2. The severity of the MCC problem increases when the MCC clogging occurs closer to the entrance

of the filter. The restriction increases sharply towards the entrance direction.

3. At higher loading levels, say at 20 g/L of nominal filter volume or higher, the problem is quite

acute due to the smaller available volume left for ash and soot accumulation.

4. The timing of formation of MCC plugs has a significant impact on subsequent performance of the
DPF. Early formation of MCC is worse than late formation. There is a factor of two difference in
pressure drop levels comparing the case where the MCC plug is formed early (at time = 0) against
the other extreme case of the MCC plug forming late. The reason is that when MCC is formed
early, subsequent ash and soot will pile on in front of the MCC plug in a much-shortened inlet

channel operating length.
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Figure 4-2: Impact of MCC location m = %, ash loading level, and timing of MCC formation on
eff
severity of the MCC Problem (e.g., very early versus very late during loading). The plots are based

on numerical simulation of ash-only loaded DPFs with uniform channel agglomerates. Ash loading
therefore reflects the thickness of the ash layer above the DPF wall interface.

Case 1: MCC plug forms right as

terminal loading level is reached

DPF pressure drop with MCC
DPF pressure drop without MCC
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DPF geometric and engine operating parameters corresponding to results presented in Figure 4-

2 are given in Table 4-1.

Table 4-1. Simulation DPF geometric and engine operating input parameter values.

DPF Operating Parameter Applied Value
__ Cells Per Square Inch (CPSI) 300
Length (cm) 30.48
Space Velocity (1/hr) 40,000
Exhaust Temperature (°C) 350

4.5 Effects of Non-Uniform Radial Distribution of MCC
Deposits on Fraction of All Channels plugged

When not all the channels are plugged, the flows in the individual channels redistribute themselves
such that the pressure drop from the inlet to the outlet of the DPF maintains a common pressure
difference across each of the channels, much like a parallel circuit that enforces a uniform voltage
drop between any two prescribed nodes. The fluid mechanics of the flow distribution is analogous to
the electrical network model, and is illustrated in Figure 4-3, where the electric currents are replaced

by exhaust volumetric flows and the voltage difference corresponds to the pressure drop.

Figure 4-3: Resistance network reflecting axially non-uniform ash agglomeration in channels
exhibiting MCC.

Let x be the fraction of channels that are plugged with flow resistance Rp,c¢, and (1 — x) the

fraction of channels with resistance Rypcc. The subscripts designate mid-channel clogging (MCC)
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. . . ressure dro
and no mid-channel clogging (Ny,c). The overall resistance (defined as W) of the set of

parallel channels is given by:

1 X 1—x
Rtotal Rmcc ancc
Letting r = Rimee , it can easily be shown that
Rtotal — r (4 9)

Rimee  [r—x(r=1)]
Performance results for some insightful examples of non-uniform radial plugging of the filter are
shown in Figure 4-4. Plugging is varied by axial location of solid, impermeable agglomerates and
the fraction of inlet channels actually plugged. Note how the availability of unplugged channels
limits the severity of the MCC problem. Regardless of the degree to which the clogged channels are
restricted, the open channels will still allow flow to pass through for significantly lower resistance.
It turns out that the fraction of open channels determines to a great extent the overall pressure-
drop across the overall filter. Conversly, the MCC problem becomes very acute when all the

channels become plugged in the upstream region.

6 -

100% of channels with MCC
50% of channels with MCC
25% of channels with MCC

DPF pressure drop with MCC
DPF pressure drop without MCC

02 03 04 05 06 07 08 09 1.0
Nondimensional axial location of MCC

Figure 4-4: Effects of non-uniform and fractional plugging of all channels in a filter. Data is based
on numerical simulation, with corresponding frontal cross-sectional plugging illustrated by sample
scan images.
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4.6 Permeable or Porous Mid-Channel Congestion (MCC)
Model

When MCC plugs are not solid but instead permeable, or when they do not occupy the entire
channel flow area, some exhaust flow is able to pass through the MCC plugs. In this case, the closed
form solution as presented in the previous section does not apply, especially when the restriction
varies along the channel, i.e. variable restriction as a function of axial distance. In such a case, a
numerical solution to the original flow equations in the inlet and outlet channels is required and was

used. For porous plug media, we can model the flow that corresponds to laminar flow, i.e.,

Pressure Drop «< flow velocity

After all, Darcy’s law for flow through a porous medium (i.e. “medium?”) is given by [86]:

Q-u-L
APDrop,Darcy = ﬁ
Q is the volumetric flow rate, u the dynamic viscosity of the fluid passing through the medium, L
the length of the medium in the flow direction, k the permeability of the medium, and A the cross-
sectional area of the flow. In such a case, the composite friction factor (regular channel friction plus

permeable plug restriction) becomes:

poX (4.10)
" Re '

with some proportionality constant, K. In such a case, the same form of the momentum equation
applies to the channels with modified effective friction. Given this form of flow restriction for the
MCC deposits, we can model the additional restriction due to the MCC plug(s) by applying an

amplification factor (which varies with axial distance) as shown in Figure 4-5.
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Figure 4-5: Combined MCC restriction indicated via combined friction factor versus axial distance
for permeable ash agglomerates.

Notice in Figure 4-5 that there can be multiple MCC plugs in a channel that impose variable flow
restrictions. The numerical model was solved using the usual “shooting method” [56, 57]. Results of
the effects of the plugging intensity (degree to which the plug is permeable to flow) are shown in
Figure 4-6, where “overall resistance” is simply the amplification factor described immediately
above. Notice that in the extreme case the partial flow/plug model asymptotically converges to the
solid plug model when the degree of plugging becomes very large (i.e. in the limit as the plug
becomes fully solid and thus impermeable). The solid plug model results are provided at the far right

of the permeable plug simulation predictions in Figure 4-6 below.
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Figure 4-6: Effects of the degree of permeability (and thus resistance) of the MCC plugs on pressure
drop. The data points offset to the right indicate converged pressure drop as overall resistance
approaches o and are thus reflective of the solid plug model.
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Effects of the various types of MCC plugging are shown in Figure 4-7. In Figure 4-7, we consider

several plugs along the same channel at various levels of restrictions.

Long plug with low Resistance

4
r

.50 kPa

b SR e ooy
= o w ©

Figure 4-7: Effects of MCC plug position and effective resistance on channel backpressure. Assume
nominal values for properties that are not included in a given MCC instance’s description.

The results show that the position and level of plugging of the foremost MCC plug are the most
important. Subsequent plugs behind the first plug exposed to the full flow have lowered effects. The

implication is that the position of the first plug is most important.

4.7 Comparison Between Simulations and Experimental
Data

Using the following input information from the image measurements, we exercised the computer

simulations and checked against the experimental observations of the pressure drop:
(a) axial locations of MCC plugs in each case; and

(b) fraction of channels in the radial cross section that contain mcc plugs (none of the cross

sections experience 100% of channels plugged).
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Since the permeability of the ash deposits has a large effect on channel pressure drop, we selected
the approptiate value by calibrating against one set of data (the soot/ash ratio = 0.25 case). The same
permeability was maintained for all the other cases calculated. The results of the comparisons are

shown in Figure Table 4-2.

Table 4-2: Comparison between MCC simulation against experimental pressure drop data.

: : . Experimental Simulated

: .  Loading Level | )

. Soot-Ash Ratio L Pressure Drop | Pressure Drop | % Difference

N N WP P

____________ 025 i3S 69 ey

______________ v s 0%

____________ 25 65 82 A
8 5.1 8.7 8.2 -6%

Notice in Table that there is very good agreement between theory and experiments. The simulations
are based on the physical effects due to flow restrictions only and therefore are not perfect. No
account is made yet as of this manuscript (but will be) of the effects of soot/ash ratio on ash layer
temperature and thus the possibility of partial sintering affecting the ash layer permeability, which was
kept constant, though the model presented in Chapter 5 may be used to do so. Another limitation is
that the simulation results from the fraction of channels plugged and the observed plugging locations
are only as good as the quality of the input data. This may be compromised in the case of low-quality
image data, e.g., significant “N” scores per the convention used in Chapter 3. In the case of S/A =

2.5, the discrepancy could be due to one or both of the following:

(1) if partial sintering occurs in the ash layer, the permeability of the ash layer may decrease
resulting in a higher pressure drop; and

(2) if the fraction of channels plugged is higher than what is optically observable, the predicted
pressure drop should correspondingly be increased.

In any case, the discrepancy between the predicted results and the measured data varied by about
only 10%, which could be further improved by accounting for more effects and influences on ash-
layer permeability, for example. In the absence of any ‘adjustable parameters’, the simulation is
remarkably good, which suggests that the conceptual model accounts for the major mechanisms

driving backpressure in plugged DPF channels.
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4.8 Additional Sensitive Analysis for Select Mechanical
Properties on DPF Performance

We may conduct sensitivity analyses showing the impact of varying ash mechanical properties
on backpressure in a given channel. Two key parameters include ash permeability and density. As
expected and as illustrated in Figure 4-8 below, significantly reduced ash permeability will give rise to
a substantial pressure rise since the exhaust must pass through the ash layer as it exits the deposit-
laden channels, though as ash permeability increases, the resistance associated with ash tapers off,

yielding very strongly diminishing returns after reaching around 10713 m?
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Figure 4-8: Impact of ash permeability on DPF backpressure, assuming the presence of a solid ash

plug at mid-channel (ie. m = 22€ = (.5),
Lefr

In a similar vein—shown in Figure 4-9—as ash density decreases for a given amount of
deposited ash, we experience significant volume growth, which restricts flow through both the
channels and porous sidewalls. Diminishing returns are similarly seen as density increases, effectively
reducing the relevance of ash resistance on overall DPF pressure drop compared to other
contributing factors, such as channel losses and flow through the ostensibly fixed DPF wall

substrate.
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11000 Channel Backpressure Versus Ash Density (m = 0.5)
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Figure 4-9: Impact of ash density on DPF backpressure, assuming the presence of a solid ash plug at

mid-channel (ie. m = Z2€ = (5),
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5 Extending the Thermal Regeneration Model to
Investigate MCC

Arguably the most important item in this thesis involves understanding the temperature history
of the particulate matter as it enters the DPF, oxidizes from soot into ash, and subsequently
undergoes a transport process. During the transport process, PM either remains in place on the cake
layer or in the end plug throughout regeneration, or instead separates from the cake layer and is
relocated to another axial location within the DPF channel, which may give rise to undesirable
MCC. Chapter 2 contains very strong arguments suggesting that sintering plays a pivotal role in the
onset of MCC, such as the direct illustration of cake layer collapse presented in Figure 2-11.

This section presents the industry standard thermal regeneration model—written by Bissett of
General Motors in 1983—in a new, arguably more streamlined way [26]. After all, key players in this
field have explicitly called out Bissett’s model as “nontrivial,” which have resulted in the
development of “fast[er] and [more] reliable algorithms for this task™ [87]. The present work also
extends the analysis to include simulations of DPF channels that are experiencing the onset of
MCC—that is, channels in which soot agglomerations have formed along the otherwise smooth,
uniform cake layers. The intent is to determine whether regeneration produces conditions conducive
to fusion of relocated deposit layers to the cake layer, and whether the presence of additional PM on
the surface of the channel walls promotes the adhesion (e.g., via sintering) of that PM to the wall.

Note that while in his Ph.D. dissertation, MI'T’s Yujun Wang concluded that distribution of the
deposit / cake layer sutface (e.g., flat versus wavy versus jagged) had an insignificant impact on DPF
performance in terms of backpressure, he did not extend his analysis to considering the impact of
various cake layer geometry on local or global temperature history [78]. We therefore provide here
an investigation into changes to ash morphology and transport behavior that may result from
variations in PM layer distribution, such as that of newly introduced PM onto the cake layer prior to
regeneration. Doing so is, of course, important given a prevailing theory that collapse of PM from
one location of the cake layer followed by deposition onto and bonding to another location is a
primary mechanism for the onset of MCC.

What we will uncover in this chapter is twofold:

1. The temperature history of the DPF substrate and attached PM layer exceeds the sintering

temperature of common metals included in diesel engine lubricants (e.g., zinc).
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2. While the introduction of new PM material onto the cake layer does affect local
temperatures during regeneration, those effects seem to be small and inconsequential in

terms of having an effect on ash morphology (e.g., propensity for sintering at that location).

5.1 Regeneration System of Interest with Key Assumptions
and Parameters

The system of equations models the flow in the DPF as a laminar flow in a square channel with
nonporous walls, together with a much smaller transverse velocity component representing flow
through the wall system (i.e. through the deposit layer and porous side walls) resulting in a model
with a single spatial variable, X (given as z in [20]). A schematic showing one pair of inlet and outlet

channels, with corresponding variables of interesting, is given in Figure 5-1.
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Figure 5-1: A schematic of the system of interest tailored to illustrating key parameters of interest in
the thermal regeneration model.

Much of this setup—including governing equations, as we will see—is identical to that applied in the
performance backpressure model above, though we notice that an underlying ash layer is neglected
and that the wall region consists of a combustible deposit layer sitting atop the filter wall substrate

(e.g., cordierite or silicon carbide).

5.1.1. Key Assumptions for Thermal Regeneration Model

1) Gas entering the monolith is spatially uniform (but possibly time-dependent) and the outer walls
of the monolith are assumed to be perfectly insulated, which are both reasonable.
2) The inlet oxygen mass fraction is constant.

3) 'The inlet mass flow rate is constant.
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4) Initial deposit layer thickness may be arbitrarily specified at the walls.

5) Conduction through the wall is so dominant that the temperature through of the wall region T,
may be taken as independent of x, such that T}, is also the temperature of the channel gas inside
and “just outside the wall system [26]”. Hence, the substrate, ash, and deposit layer are all
lumped into a single thermal entity.

a) Thus, the transverse temperature profile in a channel cross section is determined by wall

temperature T, and average cross section temperature T;.

Model parameters are provided in Appendix B. Notes on these parameters include:

1) Since there is considerable radial variation in density, velocity, and temperature, the variables
pi, uj, and T; represent average quantities over a channel cross section, typical for 1D channel
flow modeling.

2) The variable i takes on one of two values: 1 for the inlet channel and 2 for the outlet channel.

3) The term U; was not explicitly defined in Bissett’s paper and is not included in the final system

of equations, so is not yet expressed here.

5.2 System of Equations to be Solved with Boundary
Conditions

Our system of differential equations is as follows. The ideal gas law stipulates that:

_ 1
1251'T1—>P_1:7—,_ (5.1)
1
= _ 1
1:P2'T2—’02:T_ (5.2)
2
= _ 1
1=pw'Tw_)pw_T_ (5.3)
w
Applying Darcy’s law for flow through porous media yields:
P, — P, = (A(T,) - Ty + B, Pwii”) (Bg + (W) ) (5.4)
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Conservation of mass dictates that:

Gl = —Pwly (55)

Conservation of momentum for the channel gas provides:

0 (- BiGf\ —Byu(T) G
—_<P1 et 1> _ 2/1(_ 1) Gy (5.7)
0z P1 P1
0 (-  BG}\ —Ba(T;) G
__<P2 i 2) _ 2#(_ 2) " Gy (5.8)
0z P2 P2
Note that to facilitate integration efforts, we may recast part of these equations as follows:
= —
3 () g2 (1), 2898
0z \ p; 0z \p; pi 0z
Conservation of energy for the channel gas gives:
_ 0Ty =~
G4 E = (_pwuw + B3.“(T1))(Tw - Tl) (5.9)
_ 0T, o= =
Gz 5= = (Pwtt + B3it(T2) (T, = T2) (5.10)
Then we may also specify a set of “burn” equations for soot oxidation and heat transfer during
regeneration:
ow k()W
Fiin =YDy Uy (1 —e Uw ) (5.11)
—_ = _ 0 — o =
C,(W,T,) = (1 +T, 6_Z> (C(T) + W Cpp(T,) (5.12)

143



a7, 02T, [ oT, o
. = [ﬁ"‘Bsa—Z_(WE — B3[ia(T,) - (T, — Ty) +

_ _ . k(Tyw)w
ﬁ(TZ) ' (Tw - TZ) + [B6 + Cpp(Tw) ) Tw] ’ Yfpwuw ’ (1 —e Uw ) (5'13)
Rearranging (4), or Bisset (48), into a quadratic equation dependent on Uy, yields:
(Bs + ¢@)) - Bypyy - ,? + ((T,,) - (Bg + (W) - @y + P, — Py = 0

This equation can be solved and the positive root used to substitute for U, as a function of

(T, W, Py, P,) in our system of equations:

s
N

g

j,z(TW)Z (Ba+ 6@) =4+ (By + §@®) - B2+ (P, — P

i, = —(T,) - (Ba + $()) 5

2-(Bg + ¢()) 7

Alternatively, since the quadratic term is generally small, we may (and in this case do) simplify by

neglecting that term:

0r/— _ _ _

a_f [(Cpp (TW)W + Cps(Tw)) Tw]
[T, _ a(_aT, o
=B, lﬁ + Bs a—Z_<W E)l — B3[a(T)(Ty, — Ty + @f(T5)(Ty, — T)]

_k(Tw)w
u ) (5.14)

+ B6Y}cpwuw <1 — € Uw
Furthermore, we may replace equations (5.12) and (5.13) above with Bissett (53) if desired to avoid

the temperature time derivative term on the left-hand side of (5.13).

Initial and Boundary Conditions
Boundary conditions are provided at both Z = 0 at the inlet of the channel at Z = 1 at the channel’s

far end.
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At axial position Z = 0:

At axial position Z = 1:

Attime t = 0:

5.3 Solution Method

While Bissett solved the nonlinear, coupled, mixed algebraic and ordinary differential equations
using LSODI, an extension of GEARIB that solves equations of the form C % = f(¥), we instead

make use of MATLAB’s fully implicit differential equation solver ode15i together with its built-in

Tilz=0 = Tf
Gilz=0 = Gf
Gylz=0 =0
7_12|z‘=o = Tw
L
0z o
Gilz=1 =0
P2|2‘=1 =0
oT,|
0z | _
T, =1

fsolve() and decic functions, as described further below.

Equations (5-5), (5-7), (5-8), (5-9), and (5-10) represents the “flow equations” in our system,

while (5-11) and (5-13) make up the “burn equations,” for a total of seven equations and seven
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unknowns. The five “flow” equations are 1%-order ordinary differential equations that are solved via
MATLAB solver. The two “burn” equations are solved via direct time integration (i.e. explicit

integration following the establishment of prescribed initial conditions), as follows:

_ ow _
W(t + At) = (ﬁ) At + W(0) (5.15)
_ oT,, _
T,(t+At) = ?At +T,(t) (5.16)

13224
l

a . . . .
The 55 terms were evaluated using center differencing, as follows, where subscript denotes the x-

coordinate index on the discretized grid:

asz _ Tw,i+1 + Tw,i—l B 27_ww,i

072 AZ? (517)
o (_oT,\ (_oT, AT\
z\Woz)"\Woez) . \Waz) .~
l+§ l—i
(Wi + Wigr\ (Tw,ier — Tw,i Wi + Wi_1\ (Twi — Tw,i-1
_( 2 )( Az? > ( 2 )( Az? (5.18)

The procedure for solving for DPF pressures, temperatures, deposit layer thickness, and velocities
over time includes:
1. Establish a discretized, one-dimensional grid of equally spaced nodes that represent
different axial locations along the DPF;
2. Specify the initial conditions corresponding to the “burn equations”: soot thickness w(Z2)
and wall temperature Ty, (Z) in the form of two row vectors with length equal to the grid size;
3. Find solutions to the “flow” equations:
3a) guess values for P;(Z = 0) and P,(Z = 0), and then use MATLAB’s ode15i to
integrate the system of five flow equations to find P,(Z = 1) and G{(Z = 1)
3b) use the built-in MATLAB function fsolve() to find the correct P;(Z = 0) and
P,(Z = 0) such that the boundary conditions P,(Z = 1) = 1 and

G1(Z=1) = 0 are met;
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3¢) repeat procedure 3a) with the converged values of P;(Z = 0) and P,(Z = 0) in order
to yield the correct solution matrix containing P;, P,, T;, T,, and Gy, cach expressed as
a row vector of length equal to that of the mesh.

4. Repeat from Step 2 for the next time step, using the newest values continued in the solution
matrix, noting that auxiliary variables are solved for as a function of those in the solution
matrix (e.g., G, from equation (5-6) and 1, from equation (5-4). The implicit scheme is used
because of the exponential dependence on T,,, in (5-11).

Ode15i is applied using the form:
[x,y] = ode15i(odefun, xspan, vo, Yop)

Odefun is function of the form f = (x,y,yp) in which, for solution matrix y and lowercase
indicating nondimensionalization:

p1 =y(1) dp, = yp(l)

p2 =y(2) dpz = ¥p(2)

ty=y(3) dt; = ¥p(3)

t, = y(4) dt, = y,(4)

g1 =y(5) dg, = }’p(S)
The “flow” equations are then correspondingly written as, for example, with constants B; imported

via a global statement:

2g91dg,

1

After the five parameters addressed using odel5i are found, u,,, w, and Tware evaluated explicitly,
using the boundary conditions at the ends of the DPF to evaluate T, there.

In terms of special and temporal tolerances, it was found that a mesh length of N = 201
represented an approximate upper bound for generating stable (i.e. non-oscillatory) solutions for a
nondimensional time interval of dt = 0.5. If a finer spatial mesh is desited, maintaining stability will

require a smaller time step. With these program parameters in plus executed on modern computer

hardware, the time required for each time step to be computed was on the order of 10 seconds.
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5.4 Review of Temperature History with an Initially Flat Soot
Profile

We begin by presenting results that are identical to those found in Bissett’s original work on a
regeneration model, as a means of validating our approach and algorithm for implementation and
informing the reader as to the general nature of how key parameters (e.g., temperatures, pressures,
flow velocities, and soot layer thickness) evolve over time. Figure 5-2 is a reproduction of DPF wall
temperature versus time results, directly from Bissett. Note that regeneration temperature is stepped
up from 600 K at t = 0 to 950 K at t > 1, which explains why wall temperature begins at around
600 K and eventually rises to above the incoming exhaust stream temperature (950 K in Bissett’s

case).

1200 I 12725

/L

Figure 5-2: Wall temperature as a function of both nondimensional axial distance from the inlet to
outlet end of the DPF, as well as time, according to Bissett. Notice that peak temperature at mid-
channel occurs somewhere between 60 and 100 seconds after the beginning of regeneration, with
global peak temperatures increasing monotonically in time until they reach a maximum when the
peak of the temperature “wave” reaches the end plug region [20].

Applying our algorithm invoking MATLAB’s built-in functions and (apparently inconsequentially)
relaxing default tolerances for implicit solution convergence in order to boost throughput yielded an
indistinguishable set of results representing temperature history of the DPF wall, as shown in Figure

5-3.
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Cheng / Tracy Version of the Thermal Regeneration Model
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Figure 5-3: Wall temperature as a function of both nondimensional axial distance from the inlet to
outlet end of the DPF, as well as time, according to Wai Cheng and Ian Tracy’s model. Specific wall

temperatures are given at mid-channel G = 0.5) and the location of peak temperature (% = 0.99).
Notice the striking similarity to results generated by Bissett in 1983, which validates the equivalence
of our arguably more intuitive and efficient approach.

Notice as well that the threshold for sintering of ~800 degrees Celsius = 1075 Kelvin is breached
for several seconds at every axial location in the downstream half of the DPF, suggesting that
conditions are ripe for irreversible ash-to-ash and ash-to-substrate bonding in the mid-channel
region.

The solution method expressed previously of course provides solutions for additional
nondimensional (and those lowercase) parameters as well, including inflow and outflow channel
pressures p; and P, inflow and outflow temperatures t; and t,, wall velocity 1, deposit thickness
w, and flow rate through the inlet channel g, (recall is equal to 1 minus the outlet channel flow rate
g2)- Snapshot of these values along the axial length of the DPF are provided in Figures 5-4, 5-5, and
5-6 below, which correspond to the times around which peak wall temperatures are achieved at mid-
channel (t = 90). Additional results for a lower exhaust regeneration temperature of 850K are

provided in Appendix C.
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Time t = 60, Uniform Soot Layer Metric Values, w0 = 11 microns, RegenTemp 950K
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Figure 5-4: Regeneration model results across several mechanical properties for a uniform soot

layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t = 60, prior to

the mid-channel region reaching its peak temperature during the regeneration period. Notice how

the peak temperature at x/L = 0.29 has almost achieved the characteristic sintering temperature of
800 degrees Celsius = 1073 Kelvin.
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Time t = 90, Uniform Soot Layer Metric Values, w0 = 11 microns, RegenTemp 950K
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Figure 5-5: Regeneration model results across several mechanical properties for a uniform soot

layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t = 90 when the

mid-channel region has reached approximately its peak temperature for the entire regeneration

period. Notice how the peak wall temperature ~1100 K has exceeded the 1073 Kelvin threshold for

sintering of some lubricant-derived ash (e.g., zinc-based).
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Time t = 120, Uniform Soot Layer Metric Values, w0 = 11 microns, RegenTemp 950K
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Figure 5-6: Regeneration model results across several mechanical properties for a uniform soot
layer with initial height 11 microns and inlet exhaust temperature of 950 K at time t = 120, after the
mid-channel region has reached its peak temperature during the regeneration period. Notice how the
peak temperature of 1118 K has exceeded characteristic sintering temperature of 1073 Kelvin by 4-
5%.

Note that the pressure differential between inlet and outlet channels is substantially reduced
during the regeneration event, resulting in a corresponding reduction in flow velocity axial gradient
through the DPF filter walls, such that the velocity profile flattens out, though for a constant
incoming exhaust flow rate with fixed density, the area under the wall velocity curves should be
unchanging. A standard test for testing the compressibility of an ideal gas is to calculate the Mach

number M as a function of freestream velocity u; if M < 0.3, the fluid may be considered

incompressible:
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u
M= (5.20)

YRT

y is the (nondimensional) ratio of specific heat of gas at a constant pressure to that at a constant

g
kg'K’

volume, and may be approximated as 1.4 for air. R is the ideal gas constant for the fluid = 287

and T is the fluid temperature. We may determine a characteristic gas velocity Uy using either the
value specified in Bissett’s model or, instead, by inferring from empirically set space velocity.
Beginning with the latter, given a space velocity of 40,000 ht™', we may find the characteristic velocity

(for a 12-inch long DPF) as:

-1

— 40,000 hr—! X — }12inx T _33™
Yo = FLUUVAT = X 3600 hr—1 M*3937m 7S
Taking the characteristic velocity from Appendix B:
Go(t=0) 0272—2 2.72 K4
_ f(t —_— ) _ " sz - S _ - mz S _ m
Uy = =—7 - = 462
Po (ﬁ—ff;) 1013 x 1052 S
mZ
287 Y. 600 K

s2-K

While these values ate similar, we will take the most conservative value 4.62 m/s, just as we will take
the lowest temperature the fluid is likely to experience (i.e. ambient temperature ~300 K) as the
temperature term in the denominator for determining characteristic Mach number. A conservative

estimate for Mach number is therefore given as:

" 4622
=== i =0.0133 « 0.3
VY J1.4 . 287 2300 K
s“-K

We may thus safely assume that the flow is incompressible.

Further note that, interestingly, the location of the peak of the wall temperature “wave” that
moves downstream axially over time is consistently about 5-10% the DPF length downstream of the
axial location at which soot is being consumed to completion, which is the result of a reduction in

thermal energy emitted by the combusting soot layer as it completes burning at a given axial location
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along the channel wall. It also hints that downstream axial locations experiencing incremental

heating due to upstream increase in enthalpy / temperature.

5.5 Control of Peak DPF Wall Temperature and Propensity
for Ash-to-Ash and Ash-to-Substrate Sintering

Note that given a reference temperature of Tp = 600 K and regeneration exhaust flow
temperatute Tp = 950 K, peak DPF wall temperatures—which are used as a proxy for deposit layer
temperature—rise to nearly 1150K (over 850 Celsius), which exceeds the sintering temperature for
many types of lubricant-derived ash, supporting the notion that conditions are ripe for ash anchors
to form and propagate across the channel to result in MCC. It may therefore reasonably be
concluded that an engineering constraint on setting regeneration frequency would be to ensure that
global DPF temperatures do not exceed to the ~800 Celsius or ~1075 K threshold. The most direct
way to accomplish this is to regulate the soot layer thickness that is achieved prior to triggering
regeneration. Naturally, a thicker combustible deposit layer will burn longer, elevate the baseline
exhaust temperature (e.g., 600 K) to a higher global peak level, and increase the probability of
irreversible thermal bonding among particles.

It is therefore also important to choose an incoming exhaust flow temperature that one actually
expects to see in field operation. While the 950 K value was chosen by Bissett, both field and test
bench operations conducted at MIT have instead opted for lower regeneration temperatures of
approximately 550-600 Celsius, or around 850 K. It is foreseeable that use of advanced catalysts
would enable active regeneration to be conducted at even lower exhaust temperatures. Simulations
were therefore run in order to determine the sensitivity of engine exhaust temperature on peak
regeneration temperatures. Figure 5-7 provides such an illustration for the time at which peak

temperatures are reached at approximately the mid-channel location.
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t = 85, uniform initial soot deposit thickness = 10 microns
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Figure 5-7: Simulating wall temperature while varying incoming exhaust temperature at time t = 85,
when peak temperatures have been achieved at around the mid-channel (x/L = 0.5) axial location.

The figure shows that peak temperatures vary on a nearly per-degree basis with incoming exhaust
temperature such that a 100-degree Celsius in exhaust temperature results in approximately a 100-
degree Celsius increase in peak mid-channel wall temperature. Hence, reducing exhaust temperature
during regeneration may play a pivotal role in mitigating the onset of sintering, and thus may aid in
preventing an unacceptable degree of MCC formation. It is also interesting to note that as exhaust
temperature rises, the peak of the temperature “wave” shifts farther downstream, which reflects the
fact that the soot layer is being burned faster and the axial location at which the last amount of soot
is being combusted is farther downstream.

We now seek the maximum initial loading permissible by iterating initial soot thickness until the
peak filter temperature reaches 1075 K, assuming constant incoming exhaust temperature of 850 K
and constant income exhaust (space) velocity. It is sensible to apply the temperature threshold for

sintering as far downstream as is permissible for MCC to form from a performance perspective,
. . . . X
though a conservative approach is of course to do so at the end plug region, i.e. at 7= 1. For sake

of our exercise, we will use that conservative axial location of the outlet as our reference, as well as
an elevated sintering temperature of 900 Celsius. Figure 5-8 provides peak wall temperature as initial

deposit (soot) thickness varies from 5 to 25 microns in increments of 5 or 10 microns.
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Figure 5-8: Axial wall temperature curves at the time of peak global wall temperature for differing
initial deposit (soot) layer thicknesses, varied from 5 to 25 microns. Note that for a sintering
threshold temperature of 800 Celsius, the maximum permissible initial deposit layer thickness less
just under 10 um; when that wall temperature bound increases to 900 degrees C, an initial soot
thickness prior to regeneration of over 15 microns then becomes acceptable.

It is interesting that an over 50% difference in permissible initial soot layer thickness is observed
when threshold sintering temperature is moved 100 Celsius from 800 to 900 degrees C, which makes
that bound quite important to get right from a performance versus efficiency perspective.

It also necessitates a more precise correlation of sintering temperature to allowable deposit layer
thickness; such a plot has therefore been provided in Figure 5-9, where the red star corresponds to
the maximum permitted soot loading in the case of 900 degrees Celsius being taken as the max
allowable (i.e. sintering threshold) wall temperature. Three abscissas (i.e. horizontal axes) are
included to reflect the tradeoff between backpressure and enthalpy related fuel economy penalties

presented previously in Figure 1-24.
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Peak DPF Wall Temperature versus Initial Soot Loading
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Figure 5-9: Peak DPF wall temperature versus initial (uniform) soot loading prior regeneration,
assuming 950 K exhaust flow and constant space velocity of 40,000 hr ~1, We have included two
additional axes to indicate the degrees of (countervailing) backpressure fuel economy penalty and
enthalpy fuel economy penalty that results from excess fuel burn to induce elevated temperature of
the exhaust gas. Note that the backpressure fuel economy penalty scales approximately linearly with
initial uniform soot loading, while enthalpy losses exhibit an exponential dependency, which aligns
with those dependencies depicted in Figure 1-24.

Values as provided in Figure 5-9 were tabulated as depicted in Table 5-1. Note that given a
characteristic regeneration time of 5-10 minutes, and multiple hours between regeneration, the

regeneration time was deemed negligible compared to that of the full cycle.

Table 5-1: An accounting for backpressure and enthalpy fuel economy penalty as a function of
initial soot load during active regeneration.

Initial Soot Peak /L Pressure Nondimensional Regen Fraction Regen Peak  Backpressure  Enthalpy
Loading Temp ish Drop Time (approx.in ofCycle % of Time % Temp % Increase %  Increase %
(pm) (K) (kPa) seconds) Max of Max  of Max from Min from Min
5 926 1.0 2.6 130 100% 76% 74% 0% 183%
10 1,095 2.1 3.2 155 50% 91% 87% 24% 99%
15 1,163 = 3.0 3.8 165 33% 97% 93% 49% 50%
25 1,252 = 4.9 53 170 20% 100% 100% 105% 0%

We may also determine initial allowable soot loading in the case for which sintering is viewed as a

time-dependent process such that a minimum duration is required above the sintering temperature
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in order for thermal effects to contribute to the onset of MCC. Figure 5-10 illustrates the
determination of maximum soot loading in the mid-channel region under the assumption that a

sintering temperature of 800 Celsius may not be exceeded for over 30 seconds.

Peak Wall Temperatures versus DPF Axial Location
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Figure 5-10: Determining maximum soot loading prior to regeneration under the assumption that
sintering temperature 800 Celsius may not be exceeded for more than 30 seconds.

One additional avenue of comparison worth pursuing is that of varying incoming exhaust (i.e.
space) velocities. Wang et al. explicitly mentioned that high flow velocities are preferred during
active regeneration, both because they provide a cooling effect to reduce peak wall temperatures,
and also to induce greater downstream transport of PM particles that may otherwise become fixed
to the cake layer [17]. This may, in fact, prove to significantly mitigate the prevalence of MCC in
DPFs, and will be further addressed in Chapter 6, which largely emphasis the forcing mechanisms
responsible for PM transport within the DPF channels. As an initial foray into this question, we
varied space velocity from a default 40,000 hr~* to 80,000 and then up to 160,000 hr~! to test the
impact of varying exhaust flow rate on both peak regeneration temperature and duration of the
regeneration process. Results varied monotonically, and data for the extreme 40,000 and 160,000

hr~1 are included in Figure 5-11, which plots wall temperature over time versus space velocity.
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Wall Temperature along the DPF Axis versus Space Velocity and Time
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Figure 5-11: Wall temperature as a function of space velocity and time, all else held constant. A
given color corresponds to a given time. There is a clear reduction in peak wall temperature with
increased space velocity during regeneration due to convective cooling, suggesting that increasing
exhaust speed may help reduce peak temperature. However, doing so requires more energy and
prolongs the regeneration period.

5.6 Temperature History with the Introduction of Cake
Layer Protrusions

Another purpose for reproducing a more efficient version of Bissett’s thermal regeneration
model was to enable the investigation of temperature history of a DPF in the case in which MCC-
like PM deposits accumulate on the cake layer, thereby introducing protrusions to the cake layer
surface. While Wang demonstrated little sensitivity of deposit layer shape on backpressure, we are
not now interested in the thermal effects of an additional volume of soot deposited on the cake
layer, to simulate the impact of a partially combusted soot layer peeling off of the cake layer and
being redeposited elsewhere on the channel wall. The program was run in an iterative fashion,
varying key relevant parameters (e.g., soot protrusion shape and thickness, initial substrate thickness,
etc.) to use as bases for comparison and subjects of a sensitivity study that expresses the relative
impact of variables on the temperature history of the DPF. The cases run include:

1. A uniform soot layer with thickness as prescribed originally by Bissett and previously

described in this chapter, with inlet exhaust temperature stepping up from 600 K to 850 K at
dimensionless time t = 2.

2. A uniform soot layer with an increased regeneration temperature of 950K.

159



3. 15 Gaussian bump distributions consisting of combinations of five variable heights (ranging
from 20 to 500 microns above the DPF wall substrate surface) and width (3mm to 9mm per
minimum bounds prescribed by the mesh sparsity resulting from an axial node count of 201)
at a regeneration temperature of 850 K. Note that attempts to incorporate variable mesh size
in the region around the introduced bump yielded unacceptable instabilities in computation.
One possibility here, as previously mentioned, is to simultaneously reduce the time
increment while increasing mesh size, though an exponential relationship between mesh size
and number of time steps required may result in unsustainable computation time.

4. 15 flat sheet distributions consisting of variable height (20 to 500 microns) and width (3mm,
6mm, and 9mm), again with regeneration temperature 850 K.

5. 15 Gaussian bump distributions with the same height and width combinations specified
above in item 3 but with a uniform soot layer on the DPF whose thickness has been

doubled.

What we see is that such protrusions result in a reduction in local temperature upstream of the
peak of the temperature “wave” reaching a given axial location along the DPF, but that this effect
flips and results in a positive jump in local wall temperature at the protrusion location after the
temperature wave peak has passed. This, in effect, may prolong the duration over which high
temperatures are retained at that location, and may promote longer-duration and more adhesive
sintering of a given PM agglomerate to the local underlying substrate + anchored ash at that
location. Note, however, that difference in temperature experienced between the default (non-
protruded) cake layer and those with various additions of soot layers is small, is only on the order of
a few (single-digit) percent. Figures 5-12 (t = 95 when the uniform profile exhibits higher peak
temperature) and 5-14 (t = 130 when the uniform profile instead exhibits a lower peak temperature)
show both a macro (full DPF length displayed) and zoomed-in views (around the point of peak

temperature). The results for different times are included in Appendix D.
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Wall Temperature / 600 [K] v. Axial Location for t = 95
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Figure 5-12: Zoomed out peak DPF wall temperature at t = 85 across several initial soot deposit
profiles. At x/L = 0.5, the temperature for the uniform soot layer case is 600 K X 1.736 =
1042 K, whereas at that for a 500 micron (~half the channel width) soot flake of length 9mm

deposited locally on the cake layer at x/L. = 0.5 is 600 K X 1.706 = 1024 K, which represents
about a 1.7% reduction in temperature at that axial location.
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Wall Temperature / 600 [K] v. Axial Location for t = 95

height, width, temp.

850K uniform layer
____250pm, 6mm, 850K
1.95 (Gaussian)
___250pm, 6mm, 850K
(flat sheet)
250um, 3mm, 850K
(double layer thickness)
1.9 20um, 3mm, 850K
(Gaussian)
____500pm, 9mm, 850K
(Gaussian)
____500pm, 3mm, 850K
(Gaussian) — T T T
____20pm, 9mm, 850K - ~
(Gaussian) / N\

1.85

X 0.5
Y 1.73551

1.75

1.7F

X 0.5

LN\ LZ

' ' < Y 1.70589 —— -
046 047 048 049 “Oa__ vv. 052053 054

Nondimensional DPF axial location

Figure 5-13: Zoomed in peak DPF wall temperature at t = 85 across several initial soot deposit
profiles. At x/L = 0.5, the temperature for the uniform soot layer case is 600 K X 1.736 =

1042 K, whereas at that for a 500 micron (~half the channel width) soot flake of length 9mm
deposited locally on the cake layer at x/L. = 0.5 is 600 K X 1.706 = 1024 K, which represents
about a 1.7% reduction in temperature at that axial location.
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Wall Temperature / 600 [K] v. Axial Location for t = 130
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Figure 5-14: Zoomed out peak DPF wall temperature at t = 130 across several initial soot deposit
profiles. At x/L = 0.5, the temperature fort the uniform soot layer case is 600 K X 1.477 =
886 K, whereas at that for a 500 micron (~half the channel width) soot flake of length 9mm

deposited locally on the cake layer at x/L. = 0.5is 600 K X 1.489 = 893 K, which represents
about a 0.8% increase in temperature at that axial location.
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Wall Temperature / 600 [K] v. Axial Location for t =130
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Figure 5-15: Zoomed in peak DPF wall temperature at t = 130 across several initial soot deposit
profiles. At x/L = 0.5, the temperature fort the uniform soot layer case is 600 K X 1.477 =
886 K, whereas at that for a 500 micron (~half the channel width) soot flake of length 9mm
deposited locally on the cake layer at x/L. = 0.51s 600 K X 1.489 = 893 K, which represents
about a 0.8% increase in temperature at that axial location.
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6

Concluding Remarks and Recommendations for
Further Related Research

6.1 Contributions

The contributions made in the contents of this thesis included:

1)

2)

3)

4)

5)

6

Synthesizing and rationalizing the growing body of literature that directly relates to
explaining the causal mechanisms and performance effects of mid-channel clogging in
DPFs;

Introducing a protocol for analyzing image scan cross sections of the DPF that depict
instances of MCC, including defining key metrics to address the magnitude and consistency
of MCC formation;

Extending the industry performance (backpressure) model to accurately simulate the effects
of arbitrary distributions of MCC within DPF channels;

Reformulating Bissett’s DPF regeneration model to simulate additional cases in order to
determine whether DPF wall temperatures exceed sintering threshold temperatures for an
appreciable amount of time;

Suggest a starting point for identifying and evaluating different forces that act on PM
agglomerates and drive their transport through the filter channels; and

Identify tangible approaches for mitigating the onset and development of MCC: maximum
permissible soot loading prior to regeneration, flow velocities, exhaust humidity, lubricant

additive package chemical composition, etc.

6.2 General Recommendations for Further Research

As

has been mentioned throughout this dissertation, there remains considerable mystery

surrounding the prevalence and causal mechanisms of MCC. There are consequently several avenues

of additional research that can prove fruitful in helping address these two high-level outstanding

issues. Here we describe both numerical and empirical studies, as well as relations with companies

that specialize in the manufacture, testing, and operation of DPFs and associated products.

In order to better understand the prevalence of MCC in DPFs, it is suggested that researchers

gather additional data from major DPF manufacturers and operators across the globe, as they are

likely to have the reach and resources available to assess how frequently MCC arises in consequential
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form across markets. Such data includes nature of reported issues regarding DPF performance
including logs operating performance and access to the associated DPFs so that additional scans of
channel ash accumulation can be obtained. The global aspect is important because, as mentioned in
in Chapter 2, there is strong reason to believe that the details of lubricant, engine, and even coolant
formulation are relevant for determining the composition of ash formed in the DPF. The
composition of ash is important, again, because different metallic species begin to sinter at different
temperatures, with hundreds of degrees Celsius separating sintering thresholds among metals
commonly found in lubricant chemistry.

Causal mechanisms can first be investigated via conversations with DPF manufacturers, testers,
suppliers, operators, and other researchers in the field. In addition to nominal and DPF samples,
they can provide accounts of distances vehicles have traveled prior to the onset of anomalous
behavior in the aftertreatment system, the nature of cleaning and what more specifically the very
difficult cleaning process of MCC-afflicted DPFs is like, and whether—either through formal
reporting or less formal interviews—MCC accompanied any other discernable behavior/activity in
the operated vehicle or platform.

Additional experimental studies can serve to gain a more detailed, real-time understanding of the
mechanical properties of the DPF before, during, and after MCC forms. This can be accomplished
by using advanced sensors to monitor temperature and pressure within the filter, and advanced
optical and scanning methods to noninvasively track ash and soot agglomerates within DPF
channels. One such attempt was made by Srilomsak et al., who provided direct visual temporal data
regarding the separation of the PM cake layer from the DPF substrate wall, shown in Figure 6-1

below.
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Figure 6-1: FE-SEM images showing a cross-sectional view of DPF during regeneration over time
at 250x magnification clearly illustrating separation between the PM cake layer and underlying Si-C

substrate after around 60 seconds of active regeneration [27].

Such investigations can ideally shed more light on the relative impact of and relationship between
high-density ash anchor formation and separation of PM layers from the channel walls, as well as
definitively determine what combinations of operating conditions and PM properties yield
substantial prevalence of MCC. DPF manufacturers and operators will then be able to effectively
operate so as to mitigate the onset of problematic premature clogging of filter channels.

Assuming temperature history does play the predominant role suggested in this dissertation,
further research probing temperature effects are in order. Such investigations may include the study
of variations in:

e Flow rate during regeneration, as higher space velocities provide more convective cooling
and thus should yield lower peak wall temperatures. This study should also assess the
corresponding impact on fuel economy and any other metrics of interest.

e Soot loading prior to regeneration, as more loading yields higher peak temperatures. Note
that additional considerations could be made regarding thermal stresses and cracking of the
DPF, which Bissett mentioned are key considerations underlying the heuristics used to
determine conventional sizing of DPFs [20].

e Variation in exhaust temperatures which will naturally increase peak DPF temperatures

during regeneration. Note that applying this approach will require additional energy
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expenditure upstream; a corresponding understanding of fuel economy penalty should be

included.

e A better understand of relevant properties of PM and the DPF substrate under various
operating and loading conditions in order to shed light on the nature of PM transport within
the DPF. Since ash transport is intimately related to MCC, a model that reasonably simulates
the motion of PM in the DPF channels would be helpful in understanding what types of
forces are likely conducive to the ash accumulation patterns reflective of MCC. Such
mechanical properties including the following, which should be specified for ash / PM
agglomerates over appropriate temperatures and pressures, as well as other key mechanical
properties such as density and permeability:

O viscosity;

o surface tension;

o roughness and characteristic separation distance between our specific PM molecules;
o charge density and distribution in particles; and

o particle-to-particle and particle-to-DPF “stickiness.”

6.3 Modeling Ash Morphology and Transport

Of particular interest to researchers who study DPFs and MCC is the development of a model
that accurately simulates the motion of PM within DPF channels. One approach to developing such
a model involves updating the instantaneous force balance on a given patticle/agglomerate every
sufficiently small time increment dt. Doing so of coutse requitres accurately representing all relevant
(i.e. dominant) forces at play at a given time and location within the DPF. While various studies have
at least speculated as to relevant forces at play and have even provided empirical data regarding
relative forces experienced between objects within DPF channels (per Figures 6-2 through 6-4),
there have been to date no fully comprehensive ash transport models developed. Figure 6-2, for
example, is very general and does not suggest either the relative magnitude or even types of major

forces at play.
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Figure 6-2: An illustration of high-level forces at play: lifting, drag, adhesive, and gravitational.
Lifting and drag forces can merely be viewed as orthogonal forces due to the effects of flow and
corresponding to two normal axes along the channel wall. Note the parallel axial flow Ucpgnner and
perpendicular wall flow Uy,qy; [17].
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Figure 6-3: Atomic force microscope measurements of adhesive force across different pairs of
combinations of ash, soot, and substrate materials comprising the DPF wall region [28].

169



-~ 107 Small ash agglomerate
Zg Fattractive = 5.0 nN
5 o
S
v Medium ash agglomerate
8 Fattractive = 19.8 nN
5 -10 -
g“ Large ash agglomerate
= Fattractive = 254 nN
= 20 A
I T T T
0 100 200 400 600

Separation between particles (nm)

Figure 6-4: Attractive force versus particle separation distance for agglomerates of varying size. It
seems that the more neighboring particles one has, the more reinforcing attractive force one should
expect to experience [28].

Figure 6-4 may be rationalized by considering the Lennard-Jones potential commonly used to model

forces between two interacting molecules—for example, particles i and j—and is particularly

notable because it reflects the strong repulsion experienced between molecules at close range [88]:

12 6
Hy Tij Tij

The separation distance at which the potential is zero (i.e. there is neither repulsion nor attraction) is
given by 0, and the minimum potential energy is Vyj;; min = —€, which occurs at 1y, = 2/6¢,
Note that both 0 and & depend on the specific atomic structure in the { — j molecular pair. This
equation serves as the basis for many molecular dynamics simulations and can be used to
approximate intermolecular forces for a wide variety of interacting compounds.

Returning to our discussion on DPFs and forces experienced by PM agglomerates therein,
researchers have identified characteristic particle sizes amenable to re-entrainment of particles that
reside in or on the cake layer. Table 6-1 illustrates summarizes the results. We observe that both
relatively very large (> 500-micron) and very small (< 10-mircon) particles are not likely to be swept

away by the income exhaust stream. Small particles, due to their low surface areas, are unlikely to
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gain exposure to significant shear or lifting force from the incoming flow, whereas large particles are

held in place due to magnitude of their own weight.

Table 6-1: Particle size categorized into transport regimes of re-entrainable into the exhaust
freestream versus not re-entrainable, with associated transport mechanism descriptions [21].

Particle Size (um) Transport Mechanism Re-Entrainable

Single particle re-entrainment is "impossible."

<10 - inabl
Not re-entrainable Agglomerates may be re-entrained.
10 -100 Re-entrainment by flow Yes - re-impaction possible
100 - 500 Re-entrainment by flow Yes - via pneumatic conveyance
> 500 Rolling, creeping, slipping No

There have similarly been studies seeking the minimum flow velocity required to dislodge

particles from substrate surfaces. Figure 6-5 presents the results of such work generated by four

different experimentalists.
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Figure 6-5: Critical flow velocity required to remove a dust particle from a substrate versus particle
size [17, 29].
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We here, in Tables 6-2 and 6-3 propose the following list of forces that, while not necessarily
relevant nor exhaust, is intended to provide a starting point for one who seeks to develop such an
all-encompassing transport model. For example, while inertial forces may exist, for very low
Reynolds numbers, they are often deemed negligible and ignored. Additionally, electrostatic
(Coulombic) forces imply the presence of charged PM, which is by no means clear and—in fact—
sometimes refuted as not the case with particles generally considered neutrally charged [17]. Several
related citations that may well serve as useful starting points for researchers endeavoring to develop

such a transport model are included in references [88] to [139].

Table 6-2: Sample summary of potential major forces at play on cake layer PM, with characteristic
values based on relevant literature.

Force Description

Surface tension supporting a pressure difference across the PM
cake layer sheet according to the Young-Laplace equation

Sheet-level Capillarity

Shear Forces from Exhaust | Shear stress in the axial direction on the surfaces of the deposit
Flow at the Wall wetted by the exhaust flow

Wall Pressure Forces from Inertial forces (i.e. pressure drag) in the axial direction due to
Exhaust Flow the exhaust flow

Stokes drag in the direction normal to the channel due to low
speed creeping flow through the porous wall

Dipole-dipole interactions dominated by London Dispersion
forces between a particle and wall

Stokes Drag Normal to Wall

Particle-Wall Van der Waals

Brownian Motion Random diffusive fluid interactions

Gravitational Force Force due to the Earth’s gravitational field

Thermal Forces / Force from pressure imbalance due to a temperature gradient
Thermophoresis around particles

Particle-Wall Electrostatic

Attractive force between charged particle and wall
Forces

Cohesion due to softening, shrinking, and agglomeration of

Sintering Force . .
diesel particulate matter
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Table 6-3: Sample summary of potential major forces at play on PM entrained within the channel
exhaust play, with characteristic values based on relevant literature.

Force

Description

Particle-level Capillary

Surface tension affecting the motion of a single PM patticle /
ageglomerate

Channel Drag for Re >> 1

Pressure drag for inertial >> viscous forces, i.e. for around 100-
micron size agglomerates and larger

Stokes Drag in Channel for
Re<<1

Stokes” Drag on a < 1-micron sphere, of which 1/3 is pressure
and 2/3 is skin friction drag [89]

Particle-Particle Van der
Waals

Dipole-dipole interactions dominated by London Dispersion
forces between particles

Brownian Motion

Random diffusive fluid interactions

Gravitational Force

Force due to the Earth’s gravitational field

Thermal Forces /
Thermophoresis

Force from pressure imbalance due to a temperature gradient
around the particle

Particle-Particle Electrostatic
(Coulombic) Forces

Attractive force due to charged diesel particles in proximity to
one another

Sintering Force

Cohesion due to softening, shrinking, and agglomeration of
diesel particulate matter

Once equations for each force contribution have been developed as a function of ambient

conditions, engine operating parameters, agglomerate / particle size, and agglomerate / particle

properties, all dominant force contributions can be plotted as a function of, say, characteristic

particle size. An example of such a plot, which in this case contains both dominant and weak forces,

is provided in Figure 6-0.
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Wall or Channel PM characteristic force [IN] versus particle size [m]
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Figure 6-6: A sample depiction of characteristic force on a given PM agglomerate / patticle as a
function of agglomerate / particle characteristic size (e.g., diameter). Note that all other propetties of
interest (e.g., viscosity) must be properly accounted for as ambient conditions such as temperature
and pressure change.

174



Appendix A. Full “Front” and “Side” Cross Section
Image Data Sets for Operating Points 1, 2, and 3

“Front” view, Point 1 (soot : ash = 1.0) data:

Data #

UGN
g ~N-JC I e NS T S R

L W W LW L LW INDNDNDDDNDINDDNNNDDNDPE, = - =~ =~
U1l A LW DN —m O O 0 1 Ul A WD P, O OV oo 1 Ul AW IDN

Raw Image # -1
60
90
120
150
180
210
240
270
300
300
330
360
390
420
450
480
510
540
570
600
600
630
660
690
720
750
780
810
840
870
900
930
960
990

1020

Point1 (S: A =1.0)

Top-left ~

AW LW A LW OULWLW WPR OB OODNDPAEWWDDDDUEIAAS A ULl B ol B B B WD W

Top-right ~

175

4

— N NN LW UYL A RO~ B OUW W PR RN OLDNDDNDDNDDNDDND OGRS BRDNDOLDND DS

Bottom-left ~

L W A~ DD USRS PE BADDODNWLWRF OO PRSP OUEA OO OL UL O DN DD DD DN

Bottom-right ~
4

D Ul D —m A OO Ul AL NN AR OWLOLOLOULEAE DD OLOLDNDND UL AR B W WLWWS



“Front” view Point 1 (soot : ash = 1.0) image data continued...
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“Front” view Point 2 (soot : ash = (0.25) image data continued...
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2.5) data:

“Front” view Point 3 (soot : ash

2.5)
Top-right

Point3 (S: A=

Top-left

Bottom-right

Bottom-left

Raw Image #

Data #

4

60
90
120
150
180
210
240
270
300
300
330
360
390
420

10
11

12
13
14
15
16
17
18
19
20
21

450
480

510
540
570
600
600
630
660
690
720
750
780
810

22
23

24
25

26

27

28

840
870
900
930
960
990
1020

29

30
31

32
33
34
35

179



“Front” view Point 3 (soot : ash = 2.5) image data continued...
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“Side” view Point 1 (soot : ash = 1.0) image data
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“Side” view Point 1 (soot : ash = 1.0) image data continued...
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“Side” view Point 1 (soot : ash = 1.0) image data continued...
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“Side” view Point 1 (soot : ash = 1.0) image data continued...
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“Side” view Point 1 (soot : ash = 1.0) image data continued...
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“Side” view Point 2 (soot : ash = (.25) image data continued...
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“Side” view Point 2 (soot : ash = (.25) image data continued...
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“Side” view Point 2 (soot : ash = (.25) image data continued...
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“Side” view Point 2 (soot : ash = (.25) image data continued...
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“Side” view Point 3 (soot : ash = 2.5) image data
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“Side” view Point 3 (soot : ash = 2.5) image data continued...
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“Side” view Point 3 (soot : ash = 2.5) image data continued...

front578

front568

front558

front548

front538

front528

front518

front688

front678

front668

front658

front648

front638

front628

N N N 0 0 0
[ ] [ ] .

[ ] S [ ]
o0 1 .0 0 N N N N N N 0 0 0 0

[ ] S S
[ ] S S
o0 1111 1 LA N T S N A

S
S
N tooo1 1100

N N N N N N N N N N

193



“Side” view Point 3 (soot : ash = 2.5) image data continued...
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“Side” view Point 3 (soot : ash = 2.5) image data continued...
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Appendix B. Backpressure Model Derivation [19]

Variable Definitions

Note that the subscript “i” in the definitions below, as in U;, is a dummy index that can be
represented by any other symbol throughout this manuscript.
A4, A,, By — dimensionless groups in equations A.13, A.14, and A.15
Aq;, Ay, A3p — dimensionless groups in equations A.18, A.19, and A.20
by — width of empty channel
b, — width of loaded channel
€1, €3, €3 — constants defined in equation A.21
F — friction coefficient
f — friction factor
F 1 — channel friction coefficient along filtration length
F, — channel friction coefficient along laminar channel length
F 4sh binding — force affixing the particle to the DPF channel wall
91, 92 — constants defined in equations A.25 and A.26
k, — permeability of ash layer
ks — permeability of soot layer
k,, — permeability of wall layer
L — monolith channel length
lp — characteristic ash particle diameter
P” — characteristic pressure used to nondimensionalize channel flow pressures
P1(x), p2(x) — inlet and outlet channel pressure at axial position X
P 44 — atmospheric pressure
Q; — channel volumetric flow rate
R; — channel flow resistance
Re — Reynolds number
Sq — ash layer thickness
S — soot layer thickness

S,, — substrate wall thickness
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U — inlet channel entrance velocity

U4 (x), uy(x) — inlet and outlet channel velocities at axial position X
U — fluid flow velocity

u,, (x) — flow velocity through the filter wall substrate at axial position x
X — channel axial coordinate

Xmee» M — axial position of MCC plug

a — fraction of channels with ash plugs

U — exhaust gas dynamic viscosity

p — exhaust gas density

AP — pressure drop

U — exhaust gas dynamic viscosity

p — exhaust gas density

A — dimensionless quantity

Relevant Acronym Definitions

CPSI — cells per square inch

DPF — diesel particulate filter

FIB — focused ion beam

HRSEM — high resolution scanning electron microscope

MCC — mid-channel collapse / mid-channel clogging / mid-channel congestion
nmcc — no mid-channel congestion

PM — particulate matter

ULSD — ultra-low-sulfur diesel fuel

X-Ray CT—- X-Ray computed tomography

Derivation of Backpressure in the DPF

Mass balance in the inlet and outlet channels, respectively:

dul _ 4bk (B 1)
p dx - bLOZ p uW '
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du, 4
=T P Uy (BZ)

Plax ~ b2

Likewise, the momentum balance in the inlet and outlet channels, respectively:

d(ulz) _ dp, Hu4

— - F (B.3)
dx dx b,,?
d(uzz) _dp, F HU,
de ~ dx % pp?
It is understood that in equations B.3, B.4 above that the friction coefficient:
shear stress 1
= (B.4)

«
¥ - p - velocity? Reynolds number

in the low Reynolds number regime, and F; = F, = 28.5 are built into the proportionality
constants in the f varying with R—le relationship [59].

For simplicity, this derivation assumes true Darcian flow across the filter wall, where the
pressure drop is proportional to the filter velocity only, i.e. dropping the Forchheimers non-linear

velocity term. That is:

Sa

T (B.5)

SW SS
Py — Py =ty =+ Py = F Uy
Ky ks
The notations and symbols (as indicated in the Nomenclature section) are mostly similar to previous

literature for easy cross reference [59]. The boundary conditions are, for the Mid-Channel

Congestion (MCC) problem with inlet velocity U:

u (atx=0)=0U (B.6)
u, (atx=0)=0 (B.7)
P, (atx =L) = Py (B.8)
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Since the domain of x and the formulation apply only to the filtration region, x runs from x = 0
to X = Xmcc > the mid-channel plug location, then the boundary condition at the end of the inlet

channel is:
uy (at x = xpee) =0 (B.9)

It is easy to show from continuity, that in the outlet channel,
2
bis

U B.10
T (8.10)

Uy (at X = xmcc) =

and maintains the same velocity thereafter from X = X, to the exit of the outlet channel, as there
is no flow across the channel wall downstream of the mid-channel plug. Therefore, from
momentum balance in the outlet channel, pressure decreases lineatly to the Py, at the channel exit.

We now introduce the following nondimensional parameters:

x U; 4L
X:zui:# uW:bk—U' Uy, (B11a)
Pe P — Poym w-U- Dby sy
p. = pP* = B.11b
l P 4-L-k, ( )

Where the subscript i = 1 refers to the inlet channel and i = 2 the outlet channel

Using the dimensionless variables in equations B.1-B.5, and defining the following quantities:

U-b
Re =P~ 7k (B.12)
i
A, = —w ML (B.13)
! _bk Sw by, ¢ -
k,, L\?
A, =4.-F - (= B.14
2 1 bk'sw (bk> ( )
kW SS kW SA
B. = 1 w. = w. A B.1
! * Sw ks * Sw kA ( 5)
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and ultimately eliminating the variable l; (x), and after a fair amount of algebra, we artive at a single

second order differential equation in 1, (x):

d2i, b2 di, ( bk4> by.* (bk4 ) di,
Bi—— 24, ——— - A, (1 +—— |2, + 4, — + 24 -1)-4,-—=0(B.16
1 dxz 1bL02 dz 2 bLO4. 2 2 bLoz 1 bLO4. 2 dz ( )

which is close to (but not exactly the same as) equation A20 in Gaiser et al [59]. Dropping the last
term in A16 as the coefficient in the non-linear velocity term is small compared to the coefficients of

the rest of the terms, all of which are close to unity, equation B.16 simplifies to the following form:

d21, dil, A
W_ZAlLE_ZAZLuZ +A3L =0 (B17)

Where Ay, Ay, and Az, are coefficients independent of X, given as follows:

4 b’
= L. B.1
1L Bl bLoz ( 8)
4y = 22 (g4 b’ (B.19)
2L — 2B1 bL04. .
A, b’
2.k (B.20)

3L = B_1 : bLoz
Following Konstandopoulos et al. [56, 57], equation B.17 can be solved using the method of
characteristic solutions, except that in this case, this is done for loaded (with soot/ash) channels and
for deposits which are lodged mid-channel (MCC). The boundary conditions are very different, so
are the solutions. Details of the derivation are shown below:

Solving for ¢4, €, and ¢z in the characteristic solution for i, (x):
1,(%) = c;e?* + c,e92* + ¢4 (B.21)
Applying the boundaty conditions, at X = 0:
1,(0)=c;+c, +¢c3=0 (B.22)

AtX = Xpec(=m)
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1y(m) =0 (B.23)
And

2
biL

U,(m) = c,e2™ + ce?™ 4¢3 = Bz (B.24)
K

Substituting B.21 into B.17 and equating coefficients of e91*, e92* and setting the constant term to

zero yields:

1 = Ay, — /AEL + 24, (B.25)
qz = AlL + /A%L + 2A2L (B 26)

Ay,
= B.27
C3 24,, ( )
2

bip c3 + cgeT™
_ bi B.28
€2 ed2m — pq1Mm ( ) )
Cl == _C2 - C3 (B 29)

Applying B.25-B.29 to B.21 gives the closed-form solution of i, (X) for X = 0 to m (= X;cc), and

b2
1,(%) = ﬁ forxfrommtol (x =1L) (B.30)
K
. bk
1, (%) = 1—u2(x)b7 for X from 0 to m (B.31)
Lo
~1,(%) =0 forxfrommto 1 (B.32)

Considering pressures: Between ¥ = m to 1, in the outlet channel, we have squatre-channel pipe

flow:
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P,(®) = A, (1 - %) (B.33)
Py(& =m) = Ay,(1 —m) (B.34)
Integrating the momentum equation in the exit channel between X = m and some point x > m:

4 -

_ b %
P,(®) =A4,,(1—m) + Ay Iﬁ —22(x)| — Ay, f fl,dz (B.35)
K m

The flow through the wall and deposit layers, given as i, which is related to the pressure difference

574 5 /A EPPR A~ dﬁz
PR)=P(®) - P(8) =y = By —= (B.36)
For the filter,
Pt =P (2=0)-P,(=1) =P,( =0) + AP(2 = 0), (B.37)

since P,(£ = 1) = 0 at the filter exit. Combining B.34-B.37 gives:

~ bfo mo dil,
APiorqr = Az, (1 —m) + Ay, 3 + AZLf U,dX + B, Pr |£=0 (B.38)
K 0 X

Evaluating the integral and derivative in B.38, using B.21, gives:

N b} c c
APy = Aqy ﬁ + Ay [q—l (et™m — 1) + q—z (e®2™ — 1) + czm+ 1 — m] + B, (c1q, + ¢2q,) (B.39)
K 1 2

For the special case of m = 1 (no mid-channel collapse plug) and a clean, unloaded filter

where by, = by, and B; = 1:

~ c c 1
APtotal =A1+A2 q_l(eq1_1)+q_z(eq2_1)+§:|+C1ql+(:2q2 (340)
1
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Appendix C. Regeneration Temperature History
Model Parameter and Variable Definitions

Greek Constants

a=178 -108cm™2 = 1.78 - 1012 m™2 constant for wall flow correlation
g =575-10cm 1 =575 -108m™1! constant for wall flow correlation
Ay =2.0-1073 < _0.8368 = deposit particle thermal conductivity
cm's'K m-K
A¢=5.0-1073 cal__ 2092 2 substrate thermal conductivity
cm-s'K m-K
u(Ty) = ay+/Ty [C;Z_S, %] viscosity approximation for T = Ty,
Po = I;(f—;f: [Cg?' %] characteristic gas density
= 0.55-% = 550 -2 bulk density of deposi
Pp =0.55—— = —3 ulk density of deposit
ps = 1292 = 1290 % bulk density of the substrate
w; =212-107*cm =2.12-10"°m wall thickness function constant
wy =0.224cm =224-10"3m wall thickness function constant
w3 =4.05-10"2cm = 4.05-107*m wall thickness function constant

Roman Constants

_o cal ] . .. .
a; =8.57-1072 prie 359 PP patrameter in gas thermal conductivity correlation
a, = 1.364-107° 9 _ —1.364-107° k9 _ parameter in gas viscosity correlation
cmsVK m-s-vK
a; = 28.45 parameter in square channel pressure drop correlation
A=98cm?=98-10"3m3 face area
Pou} :
B, = o equation constant
0
azugLu(Tp) .
B, = %ﬂb equation constant
D2P,
41vuLu(Tb)(1+Ca—1)
B; = 5 g equation constant
PolUoD
4 AWy .
= — equation constant
poUongLD
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Ap Wo

BS - AWy
B, = — AH
McCpgTyp
_ BpouoD
77 aau(Tp)L
Ws
Bs = 5o
¢, = 0.256 "'il =1072-L
kg'K
— cal
¢, = 3731075 0156kK2
c; = —8.21-1073 ﬂ = 34.4 ==
¢, = 0.413 C—‘” 1729 L
kg-K
cs =231 10-5L‘”_967 1072 L
gK

o = —4.24-10% 4K = 178 LK
g kg

cal

Cpg —028——1172
kgK

D=0211cm=211-10"3m

= =18-10%
R

g _ kg
Gf - m2s 2.72 m2-s
—_ _ Gf
Gf B PoUo
—AH = 9.4 - 10* - cal _ 3941052 p—
ko, = 5.96 - 104ﬂ =596-102 =

s'K S'K

L =10 inches = 25.4 cm = 0.254 m

M =120-2-=12-102"2

mole

_ g _ _ 1n-2_kg
My, = 32mole =3.2-10 ——

Nu = 2.975

g
Paem = 1.013 - 10°

upDadw)u(Tp)

P. =
0 4L
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= 1.013 - 105 2L
m-s

equation constant

equation constant

equation constant

equation constant

constant in substrate heat capacity function
constant in substrate heat capacity function
constant in substrate heat capacity function
constant in deposit heat capacity function
constant in deposit heat capacity function
constant in deposit heat capacity function

gas phase heat capacity

length of side of square channel cross section

activation energy <+ universal gas constant
inlet mass velocity

nondimensional inlet mass velocity

heat of reaction of carbon oxidation
pre-exponential factor in reaction

length of monolith

molecular weight of carbon

molecular weight of oxygen
Nusselt number for square channels

atmospheric pressure

characteristic pressure difference



o = 2.87" 106 em’ =2.87" 102 = universal gas constant <+ mass of air
e S§,=55"10° Cm_1 =5.5-10"m™! specific area of deposit layer
e T, =600K initial temperature prior to step increase

G (t) .. .
= [ﬂ E] characteristic channel velocity

o Uy, =
0 Po s’s

-1 rL . . . . .
e wo=L1] o Wb (z)dz [cm, m] = wy, if wy, is constant, characteristic particle layer thickness

e w,=1117-103cm =1117-10"°m ~ 11 um initial deposit layer thickness

o Wy, = % =1 dimensionless initial deposit layer thickness = 1 for uniform layer
0

e w;=476-10"%2cm=4.76-10"*m thickness of substrate layer

e Y, =0.154 inlet oxygen mass fraction

. Y} = rOMe dimensionless inlet oxygen mass fraction
Mox

Greek Variables

o u(T) =a,NT [Cm e S] gas viscosity approximation

e a(T)= \/sz [ﬁ,%] gas viscosity approximation

* p; [Cg?, % gas density in channel 7

e p = & dimensionless gas density in channel 7

Pw [ gy m3 gas density in the wall

e D, = ; dimensionless gas density in the wall

Rw, — w3) (wil) — (0, — w3) (wil)Z, w < wq
w2+w3(w11—1), W= wq

e ow) =

thickness function related to wall pressure drop

e p(w) = pw) thickness function related to wall pressure drop
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Roman Variables

o« GWT) = (14T 5%) (GuoT) + WE,p (T))

dimensionless effective wall heat capacity

cal

7K’ kg < substrate layer heat capacity

L ps(T) =C + C2T + C3T_ [

Cps(T
Cps(T) = CpsMpsws dimensionless substrate layer heat capacity

Cpg'PPWo
o Cpp(T) =cy+csT+cgT™? [Calé e particle layer heat capacity
e (,,(D) = a dimensionless particle layer heat capacity
e Gi(pjuy) = pi—zi dimensionless mass velocity in channel /

e hi(Ty) = (%) ( + al),u(T) [ cal ;] heat transfer coefficient for channel /

cm?-s'K’ m2-s-K

E
- |cm m .
e Kk(T,) = kT, e RTw [T’ :] reaction rate
= 4KLSpw . . .
e Kk(T,) =—2= dimensionless reaction rate
w uoD
o P [L kg ] pressure in channel /
L lem2s’ m2-s
= P;—P . . : :
e PB(P) = ‘P—atm dimensionless pressure in channel 7
0
o t]s] time
tpouoD . . .
o f(t) =L dimensionless time
4Lppwo
o T;[K] temperature of the inlet gas
— T : . .
o T,=-ZL dimensionless temperature of the inlet gas
f=r,
o T;[K] temperature of the gas in channel /
= Ty . . . :
e T, = T—‘ dimensionless temperature of the gas in channel 7
b
e T, [K] temperature of the wall
_ T . .
e T, = —W dimensionless temperature of the wall
cm m . . .
. [ gas velocity in channel 7
o U dimensionless gas velocity in channel /
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superficial velocity in wall
dimensionless superficial velocity in wall

particle layer thickness

dimensionless particle layer thickness

distance through wall system
oxygen mass fraction in channel 7
oxygen mass fraction in the wall
axial distance

dimensionless axial distance



Appendix D. Regeneration Temperature Model
Parameter Values over Time

Note that the order of colors for variables is blue, then red, then yellow. For example, p; is blue, p,

is red, and v, is yellow.

Flat Soot Layer, Inflow Temp 850K, t = 10 Flat Soot Layer, Inflow Temp 850K, t = 20
z 1F E
>..
N
205} -
a
O i
0 0.2 0.4 0.6 0.8 1 0.8 1
15 T
2
N
A N
1 : . . .
0 0.2 0.4 0.6 0.8 1 0.8 1
1 1
2
— 0.5 — 0.5 E
o ()]
0 1 1 1 1 0 1 1 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/L x/L
] Flat Soot Layer, Inflow Temp 850K, t = 50 Flat Soot Layer, Inflow Temp 850K, t = 70
g S os5b
Yosf g
a a
0 1 1 0 ' ' L
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

1 1
2
— 0.5 — 05F
o (@]
0 : : - 0 - - : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
x/L x/L

208



Flat Soot Layer, Inflow Temp 850K, t =100
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Appendix E. Regeneration Temperature Model Parameter
Values with Variable Initial Soot Deposit Layer Geometry

Wall Temperature / 600 [K] v. Axial Location for t = 20
T T T T T T T

1.5 T T
height, width, temp.
1.45 850K uniform layer ]
’ 250um, 6mm, 850K
(Gaussian)
14F 250pm, 6mm, 850K i
' (flat sheet)
250pm, 3mm, 850K
1.35F (double layer thickness)| |
20um, 3mm, 850K
(Gaussian)
1.3F 500um, 9mm, 850K i
(Gaussian)
500pm, 3mm, 850K
1.25F (Gaussian) i
20pm, 9mm, 850K
(Gaussian)
1.2F i
1.15F -
1.1F .
1.05F -
1 1 1 1 1 1 L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Nondimensional DPF axial location

Wall Temperature / 600 [K] v. Axial Location for t = 20
T 1 T T "I height, width, temp.
850K uniform layer
__250pm, 6mm, 850K
(Gaussian)
___250um, 6mm, 850K
1.03F (flat sheet)
250pum, 3mm, 850K
(double layer thickness)
__20pm, 3mm, 850K
(Gaussian)
___500um, 9mm, 850K
(Gaussian)
__500pm, 3mm, 850K
(Gaussian)

X 0.5 20um, 9mm, 850K
Y 1.01985 (Gaussian)

1.035

1.025

X 0.5
Y 1.01599

1.015

0.47 0.48 0.49 0.5 0.51 0.52 0.53
Nondimensional DPF axial location
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Wall Temperature / 600 [K] v. Axial Location for t = 85

height, width, temp.
850K uniform layer
____250pm, 6mm, 850K
1.9 (Gaussian) T
___250pm, 6mm, 850K
(flat sheet)
250um, 3mm, 850K i
18 (double layer thickness)
___20um, 3mm, 850K
(Gaussian)
1.7 |—__500um, 9mm, 850K
(Gaussian)
____500um, 3mm, 850K
(Gaussian)
1.6|___ 20pm, 9mm, 850K
(Gaussian)
15F
14F
13F
12 1 1 1 1 1 1 1 1 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Nondimensional DPF axial location

Wall Temperature / 600 [K] v. Axial Location for t = 85
height, width, temp. ] | ]
850K uniform layer
1951 250um, 6mm, 850K i
(Gaussian)
___250pm, 6mm, 850K
(flat sheet)
250pm, 3mm, 850K
1.9 (double layer thickness)
___20pm, 3mm, 850K
(Gaussian)
___500um, 9mm, 850K
(Gaussian)
1.85)  500pm, 3mm, 850K 1
(Gaussian)
____20pm, 9mm, 850K
(Gaussian)

X 0.5
Y 1.7709

1.75 .

X 0.5
17k Y 1.72214 §

0.46 0.48 0.5 0.52 0.54 0.56
Nondimensional DPF axial location
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Wall Temperature / 600 [K] v. Axial Location for t = 105
height, width, temp. I I I I [ I

1.9R

1.8

1 20um, 9mm, 850K

850K uniform layer
____250pm, 6mm, 850K
(Gaussian)
_250pm, 6mm, 850K
(flat sheet)
250um, 3mm, 850K
(double layer thickness)
__20pm, 3mm, 850K
(Gaussian)
__500pm, 9mm, 850K
(Gaussian)
___500pm, 3mm, 850K
(Gaussian)

(Gaussian)

14 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Nondimensional DPF axial location
Wall Temperature / 600 [K] v. Axial Location for t = 105
1 95 n T T T T L T 1 T L
height, width, temp.
850K uniform layer
250pm, 6mm, 850K
191 (Gaussian) T
250pm, 6mm, 850K
(flat sheet)
250um, 3mm, 850K
185 (double layer thickness)| 7
20pm, 3mm, 850K
(Gaussian)
500um, 9mm, 850K
1.8 (Gaussian) .
___500pm, 3mm, 850K
(Gaussian)
20um, 9mm, 850K
1.75F (Gaussian) E
1.7F
X 0.5
1.65 Y 1.63448
X 0.5
1.6 L L Y 1.62085 L L L L
0.48 0.49 O.U—Uw‘l—J 0.52 0.53 0.54 0.55

Nondimensional DPF axial location
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Wall Temperature / 600 [K] v. Axial Location for t =150

1.85F B
height, width, temp.
850K uniform layer
18k 250pm, 6mm, 850K
(Gaussian)
250pm, 6mm, 850K
(flat sheet)
1751 250um, 3mm, 850K 7
(double layer thickness)
20pm, 3mm, 850K
1.7F (Gaussian) b
500um, 9mm, 850K
(Gaussian)
1.65F 500um, 3mm, 850K .
(Gaussian)
20um, 9mm, 850K
(Gaussian)
16 1
1.55F 1
1.5F 1
X 0.5
Y 1.44784
145F o B
X 0.5
I 1 I 1 ] Y 1'43842 1 1 1
0.1 0.2 0.3 0.4 0.« — 0.7 0.8 0.9
Nondimensional DPF axial location
Wall Temperature / 600 [K] v. Axial Location for t =150
T T T T T
151F height, width, temp. |
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