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On the Estimation of Diesel Particulate Filter Particulate Load
Based on Pressure Difference

SAYID ACHMAD MUNTHAHAR

Department of Mechanical and Maritime Sciences

Chalmers University of Technology

Abstract

Stricter particulate emission regulations have led to the use of Diesel Particulate Fil-
ters (DPF), which is one of the exhaust aftertreatment systems utilized to capture
engine-out particulates. However, as particulates accumulate within the DPF, the
exhaust pressure drop increases which in turn decreases the overall powertrain effi-
ciency. This necessitates an estimation of particulate load for effective regeneration
control-a process to oxidize the soot deposits. This thesis evaluates pressure drop-
based particulate load estimation by utilizing recursive Least Squares method to
estimate the normalized pressure drop. The study reveals the challenges in achiev-
ing high accuracy due to the complex nature of the micro-characteristics of the
particulates. Moreover, the author explores alternative applications for pressure

difference sensors beyond direct particulate load estimation.

Keywords: Heavy-duty vehicle emission, Particulate emission, Diesel Particulate

Filter (DPF), Particulate load estimation, Exhaust aftertreatment system.
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Nomenclature

Below is the nomenclature of indices, sets, parameters, and variables that have been

used throughout this thesis. Variables which are represented using a hat ~ are

normalized value to respect confidentiality.

Variables

a
5

APeake

A Pinertial

AP)inletchannel

APoutletchcmnel

APtot
APwall

€

Ui

W

Ho

¢
Psoot

Pexhaustgas

0

Cell width (m)

Forchheimer term (m™!)

Pressure drop due to soot cake layer (Pa)

Pressure drop due to inertial effects (Pa)

Pressure drop due to friction in inlet channel (Pa)
Pressure drop due to friction in outlet channel (Pa)
Pressure drop total (Pa)

Pressure drop due to porous wall (Pa)

Error term (Pa)

Darcy term in pressure drop normalization (=)
Dynamic viscosity (kg/(ms))

Dynamic viscosity term in Sutherland’s law (kg/(ms))
@), p term in the real-time estimation (kg Tg—;)
Density of the soot cake layer (kg/m?)

Density of the exhaust gas (kg/m?)

Forchheimer term in pressure drop normalization (m~*)

ix



¢ Contraction/expansion inertial losses coefficient

F Friction factor 28.454 (-)

ksoot Permeability of the soot cake layer (m?)
K Kalman gain

Ky Permeability of the porous wall (m?)

L Length of the DPF (m)

Mezhaustgas Mass flow of the exhaust gas (kg/s))
Moot Particulate or soot mass (g)

Mo Soot oxidation rate (g/s)

N Number of channels in the DPF

Qo Volumetric flow (m?/s)

R Covariance matrix in the RLS

Su Sutherland’s constant (K)

Tppr Temperature of the DPF (K)

Uy Flow velocity (m/s)

Vs DPF volume (m?)

Wspot Thickness of the soot cake layer (m)

y Measured pressure drop in the RLS (Pa)
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1

Introduction

1.1 Background

For decades, heavy-duty vehicles have been critical for inland transport. Most of the
heavy-duty vehicles nowadays use compression ignition engine based on diesel fuel.
However, this mechanism produces tailpipe emission which has a negative effect to
both human health and the environment. One of the most prominent type of diesel
tailpipe emission is particulate matter. It has been shown that particulate emission
correlates with various health risks involving cancer and pulmonary problems which
can be exacerbated into heart attack and stroke as well [1].

Compression ignition engine may produce particulate matter in the form of soluble
and insoluble fraction in the form of soot [2]. Soot in general is a solid carbon-
hydrogen substance resulted from unburned fuel [2]. Ash particulates coming from
fuel additives, lubricants, corrosion and wear particles can also be emitted [3]. Vari-
ous studies have shown that inhaled particulate matter posses various risks to human
health. It is estimated that approximately hundreds of thousands of deaths are re-
lated to exposure to particulate matter. Therefore, the amount of particulate matter
emitted has to be regulated.

Within European Union (EU), particulate matter tailpipe emission for heavy duty
vehicle has been limited by the enforcement of Euro standards. The latest one, Euro
VI which was commisioned in 2013, set a strict particulate matter emission standard
to under 10 mg per kWh and 6 x 10! particles per kWh for WHTC cycle [4]. Many
techniques are available to reduce engine-out particulate emission. However, with a
stricter regulation to comply with, vehicle manufacturers have resorted to the usage
of Diesel Particulate Filter (DPF) within the exhaust aftertreatment system. As the
name suggests, DPF filters particulate matter coming from the engine by the means
of wall-flow filter. Particulate matter in the form of soot and ash get trapped within
the DPF walls. This eventually would lead to an increase in exhaust backpressure
and reduces the overall efficiency of the powertrain.

One way to clean the DPF is by means of regeneration. in DPF regeneration process,
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the soot particles are oxidized by Os or NOy at a certain high temperature. However,
this process cannot be performed continously as it consumes slightly higher fuel to
raise the temperature to the suitable one. Therefore, regeneration must be triggered
when the amount of soot within the DPF is sufficiently high.

This requires a way to estimate the amount of particulates within the DPF. One of
the method is through pressure sensors installed in the inlet and outlet of the DPF.
The correlation between the pressure drop and the soot load is utilized to estimate
the soot load.

1.2 Purpose

The purpose of the thesis is to evaluate Scania’s particulate load estimation by
analyzing the available experimental data within Scania with more focus on the
pressure drop based estimation. This work can be regarded as a preliminary study
if Scania decided to develop the particulate load estimation further. The perspective
of this thesis shall be from the point of view of a real-truck driving scenario, in which
it cannot be freely assumed that certain variables can be measured unless specified
otherwise. Due to the limitation of the thesis, the data considered are the ones that

are readily available within Scania’s database.

1.3 Scope and Limitations

The scope and limitations of this thesis are as follow:
1. The scope of this thesis is limited to particulate load estimation based on
pressure drop measurement.
2. The data is gathered from the existing data within Scania’s database.
3. Details regarding the data and hardware are undisclosed and numbers are

scaled to respect confidentiality unless specified otherwise.



2

Theory

2.1 Formation of particulate matter in diesel com-

bustion engine

The ignition of fuel in diesel engine relies on spontaneous combustion due to the high
temperature and pressure inside the cylinder. Compared to spark ignition engine,
the fuel injection sets the timing of the combustion. Typically, this is done right
before the piston reaches top dead center such that the combustion occurs during
the downward movement of the piston. The flame generated by the combustion
can be considered as diffusion flames [5]. The torque produced is then dictated by
the amount of fuel injected per cycle [5]. As the fuel-air-ratio within the cylinder
increases, soot can be produced if the fuel-air mixing is not perfect and causes locally
rich regions within the cylinder. These locally rich regions with correct temperature
are the regions in which soot is formed as represented in [6]. It is illustrated in figure
2.1.

Elemental
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-
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Figure 2.1: The formation of soot and NOx represented in ¢-T diagram [7].

Soot forms primarily from the carbon element in diesel fuel [5]. While soot formation

3



2. Theory

in diesel combustion is a complex topic in itself, The widely accepted consensus
regarding how the soot is formed is summarized by the following steps [2]: Fuel
pyrolisis, nucleation, surface growth, agglomeration, and oxidation. The precursors
of soot are produced as a result of fuel pyrolisis which takes the form of unsaturated
hydrocarbons, polyacetylenes, polycyclic aromatic hydrocarbons, and acetylene [2].
In the nucleation stage, the soot is transformed from the gas phase into the solid
phase in the form of condensed carbon nuclei [8]. This particle will then undergo
growth and coalesce which results in an increase in the particle mass without an
increase in the number of particles [2, 8]. Collision between the formed soot particles
enables those smaller soot particles to agglomerate and form larger soot particles
which take the shape of clusters or chains [2, 8]. During the entire formation process,
at each stage, some of the particles may become oxidized into combustion products
such as carbon monoxide and carbon dioxide [2]. The illustration of the process, as

illustrated in [2] is as follows:

Precursors Nuclei PrimaryParticles Agglomerates
~ - GHy . L) .
W Pyrolysis Nucleation . .: Coalescence s w* ¢ Agglomeration £ _;
P I () M e g posemen Ty
Surface  *¢"s " o L

PAH Growth ‘

Figure 2.2: Illustration of the soot formation process [2].

Other than soot, particulate matter that can be produced by the combustion process
is ash. Ash particles mainly come from fuel additives, lubricants, corrosion and
wear particles [3]. Fuel additives that contain metallic elements may produce trace
amounts of ash particles after being burned [3]. During engine operations, lubricants
may leak into the combustion chamber which causes them to burn. This process
contributes to the existence of metallic particles such as Ca, Zn, and Mg in the form
of metallic oxides, sulfates, and phosphates. [3, 9]. Micron-sized metallic particles
such as iron, chromium, and nickel coming from the corroded and worn-out engine
parts may also be included within the engine exhaust as ash particles [3].

The rate of production of ash and soot is in different order. According to this study
[9], in a typical medium heavy-duty diesel engine, 386,000 km of driving might
typically produce 500 grams of ash, which can be translated into roughly 0,0012
gr/km. Soot, on the other hand, is produced at a much faster rate. Research by
Easley et.al in investigating flame temperature effect on soot production gives a value
of around 0.15 to 4 grams of soot per kg of fuel burned [10]. Assuming a typical
fuel consumption of a heavy-duty truck of 25 1/100 km, this roughly translates to

4
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0,0318 to 0,85 grams of soot per km.

2.2 Particulate Emission Reduction Techniques

Reduction of particulate emission in compression-ignition can be divided into three
categories of solutions: fuel, in-cylinder and exhaust aftertreatment.

The structure of the fuel and composition in general affect the soot formation process
[2]. The use of oxygenated fuel through ethanol blends will increase the mass fraction
of oxygen in the fuel which is shown to reduce the amount of particle emissions [11].
The effect of fuel on soot formation is a complex topic in itself and will not be
explained completely within this thesis for the sake of brevity.

In-cylinder solutions involve changing the fuel injection characteristics, mixing as-
pect, and in-cylinder temperature modifications. Advancing the start-of-injection
timing and increasing fuel injection pressure reduces the particulate number because
it increases the duration leading to better fuel-air-mixing before start-of-combustion
[12]. A small amount of pilot injection also reduces both particulate mass and num-
ber [13]. Tree and Svensson in [2] explained that modifications to the shape and
geometry of the combustion chamber, characterized by the piston crown, may in-
duce swirling which greatly increases the mixing of fuel and air. By looking at 2.1,
better mixing will lower the equivalence ratio therefore avoids the soot formation
zone.

Soot formation is also affected by the usage of Exhaust Gas Recirculation (EGR).
EGR is a technique that is developed to reduce NOx emission by reducing the in-
cylinder combustion temperature. However, EGR usage in general increases soot
production as portrayed in the infamous "soot-NOx tradeoft". Figure 2.3 from the

work by Dimitriadis et.al in [14] shows the phenomenon.
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Figure 2.3: Soot-NOx tradeoff [14]
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Advanced combustion technologies such as Homogenous Charge Compression Igni-
tion (HCCI), Premixed Charge Compression Ignition (PCCI), and dual-fuel PCCI
as studied by Shim et.al in [15] show promising results of both particulate emission
and NOx reduction.

However, these efforts alone are not enough to fulfil more recent emission standards.
Therefore, an exhaust aftertreatment system specific to reducing particulate tailpipe

emission is required.

2.3 Diesel Particulate Filter (DPF)

Diesel Particulate Filter (DPF) is an exhaust aftertreatment device that uses wall-
flow monoliths to trap particulate matter. The inlets and outlets are alternatively
plugged such that all exhaust gas must pass through the porous wall in which the
filtration happens [16]. It is illustrated in the figure below:

Soot
7| cake

Plug

Porous

Flow Il:

direction

wall

Inlet
channel

Outlet
channel

Figure 2.4: Side-view of the DPF filtration process

Trapping of particles are done through six mechanisms: diffusion, interception, in-
ertia, gravity, electrostatics, and thermophoretic. in a DPF, particles are collected
within the walls through diffusion, interception, and inertial collection methods [16].
In a clean DPF, soot coming from the engine will be collected within the porous
DPF wall. This increases the pressure drop across the DPF as the pores start to
fill [17]. The soot particulate layer normally called "soot cake" forms within the
wall surface as the pores are filled [17]. During this stage, the filtration efficiency,
typically defined as the ratio between the particulate emission trapped within the
DPF and the particulate coming out of the engine, increases and may reaches ap-

proximately close to 100% [17]. Ash can be deposited within the channel wall, much

6
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’ Inlet
“| channel

| Soot
cake

Porous
wall

Figure 2.5: Front-view of the DPF inlet channel

like the soot counterpart. However, some observations shown by [18] indicate that
ash can be deposited in the end plug of the inlet channel forming the so-called "ash
plug" which is illustrated Sappok et.al in [19] as shown in figure 2.6. This is the
result of the repositioning of free ash particles such as after regeneration, a process
which is explained in the following subchapter. In some cases, ash can also develop

an "ash bridge".
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Figure 2.6: Accumulation of Ash as illustrated in [19]
. Ash initially plugs the pores as shown in stage 1. Then, it starts to form a layer
within the walls in stage 2. As it grows, it may be re-entrained in the exhaust flow
and form a plug-in stage 3 [19]

The pressure drop across the DPF due to particulate load is a matter of interest
within DPF development. This is because it will affect the exhaust performance
and contribute to an increase in fuel penalty due to backpressure [20].

Konstandopoulos et.al through their work on [21] mentions that pressure drop
through a porous filter wall can be modelled as a darcy flow. It is based on Darcy’s
law which describes the pressure drop of a fluid flowing through a porous medium.

It generally has the following form:
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APdowcy = %uwww (21)

Where in this case gqr¢y is the pressure drop through the medium, w,, is the cell width
assuming square channel, ¢ and u are the dynamic viscosity and flow velocity vector
respectively, and k is the permeability of the medium. Equation (2.1) essentially
expresses that for a flow through porous media, the pressure drop is governed by
the viscosity of the flowing fluid, permeability, and the flow velocity itself.
Konstandopoulos et.al in their later work [22] mentions that the Forchheimer effect
affects the pressure losses from inertial contributions such as flow contraction and
expansion, compressibility effects, and transition to turbulence in the filter channel.
It takes the form of [22]:

APforchh,eimer - Bpuwaw (22)

Where in this case APforchheimer is the pressure drop through the medium, 3 is the
Forchheimer coefficient, p is the fluid density, u,, is the flow velocity, and w,, is the
cell width. Konstandopoulos et.al and Masoudi et.al through their work in [23, 24]
ultimately propose the pressure drop model that takes the darcy-forchheimer form.
Stating that the pressure drop within a DPF is a combination of pressure drop
components which includes flow through inlet and outlet channel, effects through
wall and soot layers, and flow contraction and expansion term. It is mathematically

expressed through the following equation:

APtot - APwall + APinletcharmel + APoutletchannel + APcake + Apinertial (23)

Where:
AP, = 622‘1’/?(04 + Wy )? {Z}’;} (2.4)
APpietchannel = g{”/ﬁj(a +w,)? [M;L? = 22)80004] (2.5)
APoutictchannel = Cj;;f(a + wy)? [41252 a14] (2.6)
AP = G v [ —tn (=5 ) 27)
g [ 1] g
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Hence:
Qup 2 | W 1 ( a ) AFL? 1 1
APO = x5 w l at
fot 2V (atww) [e + 2k 500t " O — 2Wip0t - 3 (@ — 2wspor)* i at
pQi(a + wy)" [ Bwy L
20 (— 2.9
+ Via? i C(oﬂ) (2.9)

Where the soot is assumed to be deposited as a uniform cake layer throughout the

inlet channel and the mass can be estimated a geometrical relation expressed by:

Moot = [aQL — (a — 2w300t)2L} Psoot N (2.10)

It should be noted that the pressure drop is defined as positive when the pressure
downstream of the DPF is lower than upstream. In a clean DPF, no pressure drop
is coming from the soot cake layer term. Then particulates start to deposit within
the porous wall, causing the decrease in the wall permeability k, [25]. When the
soot cake layer develops, ws,, starts to increase and further increase the pressure
drop.

There are multiple models of DPF pressure drop. Aligned with what Depcik et.al
in [26] have observed, similarities exist within the equations. The general trend is
that the model contains Darcian and Forchheimer effects through the wall and soot
layers, inlet and outlet channel losses, and contraction and expansion losses, much
like the model in (2.9) [26]. Some may also extend the models to include soot plugs,
ash accumulation, and asymmetric channel sizes [26].

To reduce the fuel penalty due to pressure drop, DPF needs to be cleaned regularly
with a mechanism normally called "regeneration" during which the soot particles are
oxidized. Ash, however, cannot be oxidized with this method [20]. The main idea
of regeneration is to oxidize the carbonaceous particles inside the DPF into carbon
dioxide. This can happen through reacting with oxygen and/or nitrogen oxide. The
reaction might take multiple steps [27]. The reaction itself is a complex process and
will not be described in detail within this thesis for brevity.

This oxidation process however only happens when the right temperature is met.
Oxygen-based regeneration requires higher DPF temperature which is around 600°C
[3]. This temperature, however, is not a typical temperature of the diesel engine ex-
haust except during active regeneration. Nitrogen oxide-based regeneration can hap-
pen at lower temperatures provided enough Nitrogen oxide concentration is available
[3]. This is supported by catalyst which oxidizes NO to NO,

The regeneration process without a deliberate attempt to increase DPF temperature

|
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is called passive regeneration. One way to achieve this is through coating the DPF
with catalysts such as Pt, Ce, or Cu to lower the activation energy required for the
reaction to happen|[3]|. This Catalyzed DPF (CDPF) is therefore capable of oxidizing
soot deposits in lower temperatures, typically around 300-400°C. Another way to
promote passive regeneration is through the usage of Continuously Regenerative
Trap (CRT) [3]. in a CRT system, Diesel Oxidation Catalyst (DOC) is used to
oxidize nitrogen monoxide, among others, to increase the concentration of nitrogen
oxide before the flow goes to the DPF [27]. When there is a substantial amount of
soot within the DPF while the temperature does not promote oxidation reactions,
active regeneration is performed. There are several examples of usage of auxiliary
systems to increase the temperature of the DPF such as by using flame burner,
electric heater, microwave heater, and non-thermal plasma [3]. However, there are
also methods to increase the DPF temperature by means of engine control such as
by performing one or two post-injections, intake throttle closure, turning off exhaust
gas recirculation, and keeping turbocharger open [3]. For conciseness, the details
of the aforementioned active regeneration mechanism will not be discussed in this
thesis.

The regeneration process requires careful control due to two reasons: regeneration
reduces fuel efficiency and uncontrolled regeneration may reduce DPF service life
[28]. The reduction in DPF service life may occur if thermal runaway within the
DPF happens. If the exhaust flow suddenly drops during active regeneration, the
exhaust flow may contain high oxygen concentration while some amount of particles
are in the light-off state and unoxidized yet [28]. This drop-to-idle phenomenon may
cause a sudden increase in DPF temperature especially if the soot loading is high.
[28].

Therefore, estimation of the particulate loading in the DPF is required to initiate

and control the regeneration process to achieve the best efficiency.

2.4 Soot Load Estimation

Estimation of DPF soot load is a challenging task since essentially direct soot load
measurements are mostly done at the laboratory stage and not economical for com-
mercial operations as mentioned in [29, 30]. In general, according to the author’s
current knowledge, There are in general two main methods of estimating soot load:
model-based and pressure-difference-based. Model-based estimation relies on care-
ful modelling of processes within the DPF and soot generation. It mainly uses the

following basic assumption: soot deposit within the DPF is the collected soot sub-
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tracted from the amount oxidized. The model is then extended to include filtration
modelling to include the evolution of filtering efficiencies. A more detailed review
of model-based estimations can be seen in the work by Yan et.al [29]. Pressure-
difference based is as the name suggests, based on the difference of the static pres-
sure between the DPF inlet and outlet (pressure drop). Accumulation of particles
within the DPF causes an increase in pressure drop. Therefore, the relation between
pressure drop and particulate load can be inferred. Some models mixed both of the
approaches such as in [31, 32].

The calibration map in this case serves as the basis for estimating soot mass from
pressure drop in the default estimation. It is constructed by a calibration process in
which the detail is not explained to respect confidentiality. The map can be plotted

in the following figure:

Pressure drop (PE‘)

0.0

T T
0.0 0.2 0.4 0.6 0.8 1.0
Particulate load (g‘r)

Figure 2.7: Default estimation calibration map

This map is essentially "particulate load" so there is no differentiation between soot
with different compositions, nor differentiation between soot and ash particulates. In
fact, the response of the pressure drop with respect to particulate load is different
between soot and ash. The soot effect to the pressure drop is more commonly
observed in various literatures and some examples can be seen in figure 4.5 and 4.6.
The effect of ash to pressure drop highly depends on how the ash is deposited and
distributed within the DPF. Observations by Sappok et.al in [9, 33, 34] and Singh
in [35] show that ash deposits affect the sensitivity of the pressure drop with respect
to soot load and conversely, soot distribution and regeneration approach affects how
the ash is distributed within the wall.

Scania uses a mix of both approaches albeit in a parallel way. The pressure drop-

based approach relies on a static calibration map of volumetric flow, pressure drop,

11



2. Theory

and soot mass combined in series with an undisclosed algorithm. From this point on,
this estimation model is referred as the default estimation model. Further details
regarding the methods are omitted to respect the classified nature of this item. Fur-

thermore, variables represented with a hat "”arenormalizedduetothea forementionedreason.
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Experimental Data for Evaluation

3.1 Normalization of pressure drop

Readings of pressure drop across a DPF are heavily affected by the volumetric flow
velocity as shown in the (2.9). Therefore, it is practical to normalize the pressure
drop concerning flow velocity and viscosity to remove the effect of flow velocity and
viscosity. This approach uses a different meaning of "normalization" as it does not
produce a unit-less value. This principle is also done in other references such as [36]

Equation (2.9) can be written in the following form:

APppp =n(Quu) + 0(Q2p) (3.1)

Where 1 and 6 represent the variables in the Darcy term and Forchheimer term as
in the equation (2.9) respectively.

1 comprises the pressure drop effects due to Darcian effects with parameters such
as soot permeability, wall permeability, soot cake thickness, and the geometry of
the DPF. 0 is a term related to the inertial effect of the flow. The second term,
however, can be neglected to simplify the empirical equation. This argument can
also be found in [37]. Other references such as [31, 38] showed that the contribution
of inertial effects to the pressure drop is roughly less than 10% of the total pressure
drop. It is also noted that in this work, the aftertreatment system involves no
compression and expansion channel in the inlet and outlet of the DPF respectively.
The pressure sensor is also located right on the inlet and outlet the DPF. Therefore,

it is safe to neglect the inertial term in this work and the equation is assumed to be:

APppp = n(Qyt) (3.2)

Equation (3.2) has a linear form. Therefore, regression approaches can be per-
formed to estimate n provided that the measurements of APppr, Q),, and u are also
available.

While i cannot be measured directly, it can be estimated by the Sutherland’s law:

13



3. Experimental Data for Evaluation

e (33)

T Tppr + S,

In this thesis, it is assumed that the pressure of the air within the DPF is the same
as the DPF temperature. The constants jio and S, are based on air.

One can estimate the value of n by performing an ordinary least squares regres-
sion. However, it would not be practical for real-time estimation. As discussed in
Appendix 1. With a real-time estimation method in mind, The value of n can be
estimated by Recursive Least Squares (RLS) method. As mentioned in [39], RLS is
an online identification method that produces estimates of a time-varying parameter
at time t based on information from time ¢t — 1. This approach is used to ensure
the applicability of this method in real driving situations. In this thesis, The RLS
algorithm that is used is based on [39]. Mathematically, the system can be expressed

as:

y(t) =no' (t) (3.4)

By applying the principle of Kalman filter and modelling the parameter as time-

varying with random walk or drift, the parameter can be estimated with the following

algorithm:
n(t) =nt —1) + K(t)e(t)
e(t) = y(t) — o' ()n(t —1) (35)
K(t) = P(t = 1)¢(t)/ |1+ ¢" (1) P(t = 1)o(t))] '
P(t) = P(t—1) — P(t — )p(t)p" (1) P(t — 1)/ [1 + " ()P(t — 1)¢]| + R

The new estimate of 7 is simply a multiplication of the error term € by a gain K
which is based on the covariance matrix P and the measurements of ¢. The matrix
R determines the ability to track time variations with larger R giving more aggresive
variations [39]. Hence, tuning the value of R is a matter of determining how the
estimator will behave. A more detailed explanation regarding RLS can be seen in
(39, 40].

The update policy of RLS is also something to consider. A very relaxed RLS tends
to be relatively noisy. In this thesis, the value of 7 is updated when the volumetric
flow across the DPF is more than 100 liter/second. This is further discussed in

Appendix 1.
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3. Experimental Data for Evaluation

3.2 Experimental Setup

The experiments were done with an engine and aftertreatment system with the

following specification:

Table 3.1: Specification of the engine and aftertreatment system used in the ex-
periment

Number of cylinders 6
Displacement, 13 L
Power rating 370 hp

EGR No
DOC No

Further details regarding the engine and aftertreatment system are omitted to re-
spect confidentiality. The data evaluated is coming from DPF testings which ran
multiple sets of heavy-duty Federal Test Procedure (FTP) which represents the
high-load regime and a bespoke Low-Load Cycle (LLC) which represents the low-
load regime. Utilizing driving cycles would approximate real driving situations bet-
ter compared to constant flow experiments. These cycles are repeated to load the
DPF with particulates. After a certain amount of cycles, the DPF is taken off and
weighed in a temperature of 200°C to prevent moisture from contaminating the
weights of the particulates and consistencies between measurements. The weights
are then subtracted by the empty DPF weights to obtain the weights of deposited
particulates. The plot of the engine speed and torque response for each cycle is
plotted below:
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Figure 3.2: Torque and RPM response in LLC case
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3. Experimental Data for Evaluation

As the name suggests, LLC contains a lower load compared to the FTP. The average
power in a single F'TP in this case is 55.3 kW while it is 18.7 kW for LLC. During
testing, there are cases where the engine performs engine braking, indicated by
negative torque. However, in this analysis, the negative torques are saturated to
zero torque.

FTP loading cycles are done for 60 loops with DPF weighings at the 31th, 55th, and
60th loops. There are 109 loops in the LLC loading case, with DPF weighings at
25th, 35th, 51st,64th, and 109th cycle. However, starting from the 64th cycle and
onwards, the engine was run in passive regeneration mode. This mode corresponds
to higher exhaust gas temperature and NOx concentration which promotes soot
oxidation. nj,8jbpThe regenerative case then consists of the 64th up to 109th LLC
cycle. Between the FTP and LLC case as well as at the end of the LLC regeneration
case, a deliberate soot burn is performed by exposing the DPF to a high RPM, high
torque, and high exhaust gas temperature to completely burn all the soot deposited
within the DPF. The effect of ash can be considered negligible and it can be assumed
that each set starts with a DPF empty of soot. This is supported by the fact that
at the end of the testings, the amount of ash in the DPF is below one gram per litre
of DPF volume, which according to the author’s knowledge is a very low value for
ash to have a profound effect to the pressure drop.

Regarding the default estimation, as mentioned in the previous chapter, it uses a
mix of pressure drop-based and model-based estimation. In the FTP loading case,
the most used method is the pressure drop-based while the latter is used more in
the LLC loading case. The default estimation uses an oxidation model during the
regeneration mode. Thus, the default estimation reading is not based on pressure
difference during the regenerative modesm j+99.5. However, the pressure difference
is still measured during that mode. There is also a condition-checking mechanism
which determines whether to use pressure difference-based estimation or engine-
out soot estimation. It should be noted that the default estimation estimates soot
load instead of both ash and soot load. However, as mentioned in the previous
passage, it can be assumed that only soot particulates exist in the DPF for this
thesis. The amount of ash accounted in the DPF at the end of the entire test is
deemed insignificant for the ash to have an effect on pressure drop. The details are
not explained further to respect confidentiality.

In summary, the data that is analyzed consists of the following sequence:

________________

Regenerative

LLC »  Soot bumn

Empty DPF E—) FTP Loading 3 Sootburn —» LLC loading —

Figure 3.3: The testing sequence
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3. Experimental Data for Evaluation

It should be noted that performing these repeated cycles should not always be as-
sumed as a loading-only mode in which the DPF particulate load is monotonically
increasing. Soot oxidation might occur simultaneously while the engine is running
and producing soot. This argument is also evident in the LLC regenerative case
where the engine still produces soot while the amount of soot in the DPF decreases.

This can be observed in the next section.

3.3 Results

As mentioned in section 3.2, even though there are two particulate load estimation
models used, the pressure difference is still measured regardless of the model used.
Therefore the value of n can still be evaluated at every mode. The pressure drop-
based estimation model is used only around 10% of the time during LLC cycles.

The real soot mass deposited within the DPF is assumed to be a linear interpola-
tion of the DPF weights measurement. The plot of the default estimation and the

interpolated weighed mass are as follow:

1.0

0.8 1

0.6 1

0.4 1

Particulate mass (g*ri

0.2 1

0.0 +

T T T T T T
0 100000 200000 300000 400000 500000 600000
Time (s)

Figure 3.4: The black lines is the particulate mass based on the DPF weighings
and the coloured lines are the default estimation coloured based on different modes

Where the modes corresponds to:
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3. Experimental Data for Evaluation

Mode Explanation
1 FTP loading
2 Soot burn post FTP
3 LLC loading
4 Regnerative LLC
) Soot burn post LLC

Table 3.2: Mode labels with sequence illustrated in 3.3

The is then calculated using the aforementioned method. The plot of 1 at none-soot

burn mode 1,3,(344) with respect to the interpolated soot mass are as follows::
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Figure 3.5: n in mode 1

le8

3.25 A

3.00 A

2.75 1

2.50 A

2.25 A

2.00 A

175 A

1.50 A

T T T T T T
100000 150000 200000 250000 300000 350000
Time (s)

Figure 3.6: 1 in mode 3

19



3. Experimental Data for Evaluation

1e8
3.25 A

3.00 A \1
2.75 A \
2.50 A \

- \
2.25 A \
2.00 A

175 A

1.50

T T T T T T
100000 200000 300000 400000 500000 600000
Time (s)

Figure 3.7: 7 in mode 3-4

We can now plot the evolution of 1 with respect to the interpolated particulate mass

at every modes.
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Figure 3.8: The plot of the value of  with respect to the interpolated particulate
mass

As we can see visually,  and the default estimation model have a similar shape in
general. In the loading cases, they both show increases and in the regenerative case,
it decrease. Therefore indicating the existence of information regarding particulate
load in 7. Figure 3.8 also shows that different conditions of pressure drop might
correlate with different particulate mass within the DPF. The next chapter aims to

investigate this.
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Discussion

4.1 Evaluation of the default estimation normal-
ized calibration map

We now perform the normalization of the calibration map shown in figure 2.7. RLS
method is not used to normalize this calibration map since the map exist in the
form of table. Instead, normalization is done by dividing the pressure drop with
the volumetric flow. We will get the same value as 1 without the viscosity term.
Adding a viscosity term to this map would infer that the map will consist of multiple
surfaces. Thus, for the sake of brevity, we assume constant viscosity in this case.

The plotted map with normalized pressure drop is as follows:

1.0 1

Pa
ms )

e
(=]
|

0.6

0.4

Normalized pressure drop (

0.2

T T
0.0 0.2 0.4 0.6 0.8 1.0
Particulate load (g‘r)

Figure 4.1: Normalized default estimation calibration map

We can observe that the maps do not have a high resolution of the particulate
load in low amount of particulate load. It implicitly assumes that the growth of
the pressure drop at low particulate load is linear while in fact it is generally non-
linear due to the wall filtration process. It is difficult to interpret the phenomenon

that this normalized calibration map captures. By evaluating (2.9), the difference
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4. Discussion

in normalized pressure drop—represented by n—with similar particulate load implies
that there are differences that can be attributed to the difference in the soot cake
layer permeability ko, and/or the soot cake layer density psoor as well as the soot
cake thickness wgo;. Higher n may imply lower k., and vice versa. The relation to
the density psoor and thickness wy is more complex. Mathematically speaking, higher
ws in equation (2.9) causes higher 7. We can think of it as higher cake thickness
causing higher pressure drop due to friction. However, with similar mass, it implies
that the cake density ps,o is lower. This particular phenomenon is difficult to verify
since several studies such as [23, 41] shows that cake density is coupled with the

permeability even though equation (2.9) does not show that.

4.2 Loading cases

The prediction done by the default estimation is plotted together with the interpo-

lated particulate mass in the following figure:
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Figure 4.2: This figure compares the prediction done by the default estimation
(X-axis) compared to the approximate mass (interpolated mass). The Y-axis
shows the normalized pressure drop 7 at each given predictions.

Reader is advised to refer to figure 3.3 for the temporal aspect and figure 3.8 for
the evolution of n with respect to the interpolated particulate mass during different
modes to aid in interpreting figure 4.2. This figure compares the default estimator
and interpolated particulate mass estimate with the evolution of 7 in different modes.
It visualizes the real particulate mass and the estimates by the default estimator for
each 7). For clarity, the modes will be discussed separately. This subsection discusses

the loading cases.
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4. Discussion

In figure 4.2, we can see that the default estimation (shown by green-yellow curves)
during F'TP loading has a good approximation. The default estimation line is rela-
tively "close" to the blue line. The same thing happens in the LLC loading mode.
We know that during LLC mode, the estimation is not using the pressure drop-based
estimation for the most part. This indicates that the default estimation’s switching
algorithm performed well. If the pressure-drop-based estimation is used, then the
estimate will tend to approach that of the FTP loading case.

The interpolated particulate mass and default estimation of loading mode 1 and 3

are plotted with 7 in the following figures respectively:
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Figure 4.3: This figure compares the prediction done by the default estimation
(gradient-colored curve) compared to the approximate mass (blue curve) during
FTP loading. The X-axis shows the particulate mass based on the interpolation or
default estimation. The Y-axis shows the normalized pressure drop n at each given
predictions.
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Figure 4.4: This figure compares the prediction done by the default estimation
(gradient-colored curve) to the approximate mass (blue curve) during LLC loading.
The X-axis shows the particulate mass based on the interpolation or default
estimation. The Y-axis shows the normalized pressure drop n at each given
prediction

Both figures shows that as the loading progresses, the normalized pressure drop
starts to increase. However, in higher pressure drops, the default estimation starts
to have offset from the approximated mass in both mode 1 and 3. In mode 1, the
default estimation tends to overestimate while in mode 3 it underestimates. However
specifically for mode 3, the behavior of default estimation cannot be attributed to
the pressure-drop model entirely.

Binning is done to simplify the visualization of the n with respect to the interpolated
particulate mass to identify the transition to soot cake filtration. It is performed by
aggregating the data into windows of width 1000 seconds for both FTP and LLC

and take the average of the n within the window. The results are as follow:
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Figure 4.5: Binned 1 vs mass in F'TP case
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Figure 4.6: Binned 7 vs mass in LLC case. Note the X-axis is trimmed for clarity

In the binned figures above, the transition from wall filtration to cake filtration can

be identified in both cases. In this thesis, the transition is determined manually by

observing figures 4.5 and 4.6. Transition is identified by the decrease in pressure

drop gradient after the initial phase of the loading as shown in various research

regarding DPF such as [37, 42]. The following results can be presented:
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Variable FTP LLC
Soot cake gradient (%’;“) 2.074 x 10* | 1.288 x 10*
Soot mass around cake filtration onset (gr) 0.06183 0.06233
n around cake filtration onset (Mynit) 1.98 x 10® | 1.57 x 108

Table 4.1: Values around the onset of cake filtration
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Figure 4.7: n during cake filtration

These results suggest that even though it uses the same engine and exhaust af-
tertreatment system, a different way of driving would cause different pressure drop
behavior with respect to the particulate load. Though both FTP and LLC loading
cases have similar values of 77 at certain points, they correspond to different par-
ticulate masses as can be observed in figure 4.2 and 4.7. The gradient can also be
different while having roughly similar soot mass at the vicinity of cake filtration
onset as shown in table 4.1.

The cause of the difference then shall be attributed to the difference in the charac-
teristic of the soot produced by both cycles. Principal Component Analysis (PCA)
is then performed to analyze the data further to identify whether the driving cycles—
FTP and LLC-tend to have a considerable differences in variables that are linked

to particulate microcharacteristics.

4.2.1 PCA analysis

PCA can be described as a dimensionality reduction technique that aims to find a set
of orthogonal principal components that maximize variances between the variables.
Given a centred and standardized matrix X, with singular vector decomposition, it

can be decomposed into:
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X~ X=UX VI (4.1)

Where X is the approximation of the actual X and k is the choice of the number of
principal components. The matrix U, represents the score matrix and V;! is the
principal component.

The variables chosen for the PCA are the ones that correlate to the soot particle
emission based on the literature study. Torque and engine speed are chosen to
represent the low-load and high-load characteristics of the cycles and they have
influence in the particle microcharacteristics [43]. [44, 45] shows that advancing
injection timing and pressure have a role in the particle diameter size and [46]
shows that the start of injection crank angle has a correlation with the amount of
soot produced. [47] shows that the gap between the pilot injection and the main
injection affects the amount of NOx and soot emission as shown in [48] as well and
it is linked to the soot-NOx tradeoff. The oxygen concentration in a cylinder in
this case is represented by lambda which can be defined as the ratio of the air-fuel
ratio to the stoichiometric equivalent of it. A higher amount of oxygen in a cylinder

promotes in-cylinder soot oxidation which reduces the amount of soot emission [49].

Variable Unit
Lambda -
Start of Injection deg
End of injection deg
Separation pilot-main deg
Torque Nm
Engine speed RPM
Engine-out exhaust gas temperature | degC
Engine-out NOx concentration ppm
Rail pressure Pa
Time idling s

Table 4.2: Variables chosen for the PCA analysis

The X matrix is then defined with the aggregation values of those chosen variables
on a window of 2 minutes of data. The data used for the PCA is the FTP loading
case and LLC loading case up to the second weighing of the DPF such that the
difference in the amount of data is smaller. The aggregation function chosen is
mean except for the "time idling" variable which is aggregated based on the total
time idling during that period. The goal of this analysis is not to compare them
magnitude-wise, but to compare the difference between the different driving cycles

as explained before. The results are as follows:
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Figure 4.9: n The biplot of the PCA. Orange and blue dots represent LLC and

In figure 4.9 we can see that there are separations between the driving cycles. Inves-
tigating this further would require looking at the soot deposition mechanism and its
effect towards the permeabilities and subsequently the pressure drop. Through an

experiment that was done by Choi and Lee in [36], it is known that in the deposi-

28

FTP cases respectively-
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tion process, the soot particles starts to fill the porous DPF wall before forming soot
cake. This phase represents the steep increase in pressure drop before it becomes
relatively linear as previously mentioned. Research by Rakovec et.al [41] shows that
soot cake has a small contribution towards the overall permeability drop and deep
bed filtration plays a much larger role. Therefore, the latter defines the permeability
throughout the entire loading process. Moreover, [41] also shows that the pressure
drop during deep-bed loading and soot cake formation is dictated by the particle
characteristics, which affect the depths of the wall penetration and packing densi-
ties. By linking these findings along with the fact that the difference lies only in the
driving cycle, it can be considered highly probable that the LLC and FTP cycles
indeed produce different soot particle characteristics that cause different behaviour
of pressure drop.

Based on the PCA result, we can infer that in general, FTP has a relatively higher
rail pressure, engine speed, and torque compared to LLC while the lambda does not
produce a visually significant difference. LLC cycles however, has a slight difference
toward the FTP with later start and end of injection, higher separation between pilot
and main injection, as well as more time spent idling. By linking these findings to
other findings from the literature, we can infer that FTP might have a lower particle
diameter compared to LLC.

Higher engine speed causes shorter particle residence time which slows down particle
surface growth [45, 50]. Earlier injection timing would primarily promotes better
fuel-air mixing. However, according to study by Wang et.al in [45] showed that the
effect of injection timing to particle size are complex. An increase in rail pressure
also shows a reduction in the particle’s primary diameter as shown by several results
summarized in [45]. Idling might also produce higher HC emission and have an im-
pact on PM generation as shown in [51, 52, 53]. The aforementioned hypothesis,
however, is hard to prove when no measurement is made because soot generation
is generally complex and different engine might cause different behaviours as well.
Furthermore, by linking this finding into table 4.1 and the work by [54], DPF effi-
ciency with different particle sizes might also affect the onset of cake filtration. If the
hypothesis is right, then it might also due to the fact that the particle sizes produced
by FTP happen to be filtered less efficiently compared to the LLC particle counter-
parts. Other factors such as the soot cake density, composition, permeability, and
the depth of penetration of the particles towards the porous wall might also play
a role though it is difficult to prove with the available data. The important point
to make in this discussion is that the behaviour of DPF pressure drop is not only

affected by the soot mass. It is also affected by the microstructural properties of the
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soot particles, which in this study arguments have been made to link this difference
to the particle size. Furthermore, Eastwood in [1] mentioned that during low load
where the combustion temperature is generally lower, soot-forming reactions could
be interrupted which leads to higher organic fractions in the particulate emission.

It is indeed important to prove this hypothesis by taking a closer look at the particle
by performing particle size distribution measurement as one example. However, due
to the limitations of the thesis, the particle characteristics will be implied only by

the comparison of PCA result.

4.3 Regenerative case

The regenerative case is represented by modes 2,4, and 5 with more emphasis in
mode 4. An interesting takeaway from the regenerative case is that in figure 3.8, we
can clearly see the hysteretical behavior of the soot mass with respect to the pressure
drop represented by 7. Although the real soot mass decrease during regeneration
might not be linear, we can see that at the end of the regeneration, the value of n
at the same weight is different from the loading case. According to observations by
Choi et.al in [55], regenerations typically begin by oxidation of the soot within the
porous wall. Therefore rapidly increasing the permeability and lowering the pressure
drop. However, if the regeneration is not complete, then there might be soot cake
still present within the inlet channel wall. A study by [56] et.al shows a similar
observation. They also showed that the soot packing density after regeneration is
lower than after loading. Figure 4.10 by [57] illustrates how the cake layer progresses
during regeneration. In their conceptual model, a large pore opening occurs during

regeneration which causes a decrease in pressure drop during regeneration.
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Figure 4.10: Illustration from [57]. Changes in the soot cake layer during
regeneration

4.4 On the estimation of DPF particulate load

with pressure difference

Previous sections have shown that estimating soot load using pressure drop sensor
is not an easy task. Pressure drop across a DPF is actually caused by multiple
things. It is an effect of many things, instead of being the one that affects the DPF.
By evaluating multiple literatures, we can come up with the following simplified

illustration of things that affect the pressure drop:
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Figure 4.11: Illustration of things that affect pressure drop and soot mass
deposit.

First and foremost, the pressure drop is directly affected by the variables with red
borders. It is derived based on the equation by Konstandopoulos in (2.9). Pressure
drop readings is also affected by the sensor noise, and volumetric flow, as well as
dictated by the DPF properties as different DPF properties renders different pressure
drop in clean state and deep-bed filtration stage [58]. An important step in the
derivation of (2.9) as written in [37] involves expressing the velocity through the
inlet and outlet channel through flow velocity and it is a function of the channel
dimension. The volumetric flow velocity in itself is a function of the exhaust gas mass
flow as well as the gas temperature if we refer to the ideal gas equation. Although
the growth is slow, ash deposits have a complex effect on the behaviour of the
pressure drop and it is well studied in [3, 18, 33, 34, 59]. In general, deposits of ash
will affect the gradient of pressure drop concerning soot mass, rendering the pressure
drop more sensitive to the addition of soot [35]. Meanwhile, in certain situations, ash
may also block the DPF pore such that there is no soot deposit within the wall, hence
making the pressure drop act in a way of soot cake filtration only. The soot cake
permeability kg, in itself is also a complex thing and cannot be easily estimated.
Konstandopoulos in [23] expressed that the cake soot permeability correlates with
the peclet number and can be calculated as a function of primary particle diameter,
stoke-cunningham factor, and kuwabara factor. Haralampous in [60] on the other
hand, proposed that the soot cake permeability is a function of local pressure and
temperature, as mentioned in [61] as well. Lapuerta in [62] estimates the soot cake
permeability by a function of its porosity and grain size. These models however,

require assumptions of the aforementioned parameters. Porous wall permeability k,,
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is a function of the DPF properties, as it is defined by the properties of the porous
wall [63]. As soot deposits fill the porous wall, k,, will decrease up to the point where
soot cake filtration happens [25]. pioading can be expressed as a function of the soot
innate density and the porosity of the cake layer. [23] argues that the porosity can
be estimated as a function of the Peclet number. Lapuerta in [62] shows that the
porosity can evolve over time and it is a function of the amount of soot within the
cake layer and the pores. Finally, it is also obvious that the amount of soot deposit
will affect the pressure drop as it will constrict the flow through the pores, and
channel, and increase friction in the flow [37].

Filter efficiency plays a huge role in determining which particle would get trapped.
[16] shows that there are different efficiencies for each particle sizes. Chiavola et.al
through their work in [54] and [64] also show the same thing. While the filtration
efficiency is almost 100% during cake filtration, the type of particle that fills the
porous wall will dictate the pressure drop behavior as observed by [41].

This entire relation of the aforementioned variables are more complex with regen-
eration. The oxidation of the soot particle will depend ultimately on the presence
of oxygen, nitrogen oxides, and temperature as it provides the activation energy
required for the oxidation. The presence of a catalyzed wall will reduce the required
activation energy and possibly initiate a continuously regenerating trap. Typically,
regeneration will oxidise the soot particles in the porous wall first before oxidizing
the soot cake [36]. Bagi et.al in [18] shows that the regeneration strategy will affect
the existing ash deposit and possibly develop an ash bridge or ash plugs. The rate
of oxidation itself is dictated by the reactivity of the soot deposit [65].

Ultimately, these variables are dictated by the engine response which is dictated by
the driving cycle or the driving condition itself and fuel type as mentioned in [66].
As explained in the previous chapter, soot formation is a complex process in itself.
It is a challenging aspect to have a pinpoint accuracy of the particle characteristics.
In this regard, the author did not say that it is impossible to estimate DPF partic-
ulate load based on pressure difference. In fact, it is one of the simplest and widely
used methods to estimate the DPF soot load. However, achieving high accuracy
is challenging despite the importance of heavy-duty diesel applications where fuel
economy is of the upmost importance. Furthermore, the regeneration method affects
the deposits which ultimately would make it possible to break any assumptions of
pressure drop behavior if not accounted for. An accurate pressure drop-based par-
ticulate estimation must account for multiple other things that affect pressure drop
readings as shown in figure 4.11.

In a hypothetical case where pressure drop-based estimation is used 100% of the
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time, the author argued that the estimation will resemble those in the calibration
map. The pressure drop calibration map should be based on the typical soot micro-
characteristics condition that the calibration map is used in. The "switching" logic
between the pressure drop-based estimation and model-based estimation should also
consider whether the situation is roughly similar to the situation during the calibra-

tion or not.

4.5 Possible usage of pressure difference sensor

With the possibility of estimating normalized pressure drop 7 in real-time using
recursive-least squares, the author proposes several possible usages of 7 in real driv-
ing scenarios other than particulate load estimation. The arguments proposed are
not tested within this thesis. Therefore, further verification is required in future

work.

4.5.1 Soot-free DPF verification

By looking at equation (2.9), we can see that when the DPF is empty of soot, n will
only be a function of the clean wall permeability. If the clean wall permeability at
different level of ash is well calibrated, then a DPF empty of soot, an indication of
a complete regeneration, can be inferred based on the value of clean 7 as well as an
estimate of the amount of ash itself.

This opens up a possibility to have different pressure drop calibration map where the
difference lies in the amount of ash deposits. [33] shows that different amount of ash
deposits will give different behavior of pressure drop with respect to particulate mass
deposit. Therefore, if the amount of ash can be estimated and the corresponding
pressure drop calibration map exist, the amount of soot deposit will be the estimated

particulate load subtracted by the estimated ash amount.

4.5.2 DPF fault detection

By evaluating equation 2.9, we know that the pressure drop is not just a function
of the flow condition and deposits but also a function of the geometry of the DPF.
Therefore, if the pressure drop represented by 7 is having very sudden changes and
went into values that are outside the typical values, mechanical failure within the
DPF might occur.
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4.5.3 Regeneration strategy

From the operational point of view, the existence of DPF is detrimental. Particu-
lates gets trapped within the DPF, increases the exhaust backpressure, and in the
end reduces the fuel efficiency [67]. As described in previous sections, regenera-
tion serves as a way to oxidize the soot particulates such that the pressure drop
reduces. Regeneration process however, relies on favorable conditions such as high
DPF temperature to start. Depending on the strategy, in general increasing DPF
temperature requires higher fuel consumption.

With this argument, we can see the conflict that arises. A strict regeneration strat-
egy with more frequent regeneration will maintain a lower pressure drop throughout
the operation with the expense of more fuel consumption due to regeneration. On
the other hand, a more relaxed regeneration strategy reduces the regeneration fuel
consumption while possibly having to operate with a higher particulate load and
with a lower efficiency due to higher exhaust back pressure. The trade-off will be
highly dependant on the vehicle itself and the use-case. However, if lower pres-
sure drop is the one that is the most optimal, author argued that the regeneration

strategy can be based on monitoring 7 instead of particulate mass.
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Conclusion, suggestions, and
Future Work

The conclusions of this thesis are as follow:

1.

A comparison between the default estimation and the interpolated particu-
late mass has been made. A method to normalize pressure drop in real-time

situations has also been proposed.

. It is shown that an accurate and precise particulate mass estimation of DPF us-

ing pressure drop is a challenging task. Figure 3.8 shows that a hysteresis-like
phenomenon occurs between the normalized pressure drop 7 and the interpo-
lated particulate mass during loading and regeneration with different driving
cycles. A literature-based inference has been done to identify the cause. It is
hypothesized that the difference is mainly due to differences in particle size
distributions although validation of this hypothesis was not done due to the

limitation of this thesis.

. Pressure drop across a DPF is an effect of various things and the amount of

the particulate deposit is one of them. Therefore, a good estimation and/or
assumption of various other things that affect the pressure drop is required to
improve the inference of my,,; based on pressure drop. This is illustrated in
figure 4.11.

Scania’s default estimation is able to approximate the particulate loading to
a considerable accuracy during the FTP loading and LLC loading case as
shown in figure 3.4 and 4.2. We can say that the decision regarding the
switching between pressure drop-based and model-based that is made by the
default estimation system works well. With this, the author argued that if the
pressure drop-based model needs to be improved, it shall start with calibrating
a calibration map that matches well with the micro characteristics of the soot
during the vehicle operation. Furthermore, The effect of ash needs to be

accounted for.

. The Author suggested three potential uses of pressure difference sensors along
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with real-time estimation of 7: Soot-free DPF verification, DPF fault detec-
tion, and as a basis in determining regeneration strategy. Further tests are

needed to verify the applicability of these suggestions.

. A Study on the micro-characteristics of the engine-out particulates needs to

be done in concordance with the evaluation of filter performance and the de-
velopment of a soot load estimator. This is because one of the most important
metrics of filter performance—pressure drop—is highly affected by the particu-
lates’” micro-characteristics.

This thesis also showed the possibility of performing real-time normalization of
pressure drop through the usage of recursive least-squares. In regard to DPF
particulate load estimation, as shown in this thesis, it can be done through an
empirical approach such as the pressure drop-based estimation. The empirical
model is often feasible for real-truck driving scenarios as it does not require
extensive computational power. A very accurate non-empirical model-based
approach, however, would require high computational power as it might in-
volves multiple steps with multiple numbers of species [1]. For future efforts
in particulate load estimation, the author argued that one of the best ways
possible might be to develop a semi-empirical model, not an entirely empirical
model. This approach can be developed by identifying the relation between
engine modes and the particulate micro characteristics specifically for the en-
gine and aftertreatment system in question as well as studying the evolution
of soot particulate microcharacteristics inside the DPF. It might be possible
then to develop multiple calibration maps in which the usage is based on a

"proxy" variable representing particulate characteristics.
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A

Appendix 1: On the estimation of
n

A.1 Batch estimation

Estimation of n can be done more simply through ordinary least squares. The
optimum 7 in a least-squares sense that fits equation 3.2 can be found by solving

the following equation:

M = (X7 X)X ) (A1)

Where:

Xk

I
>
B
=
&

Yk

(AP
One can see quite clearly the drawbacks of this method. The regression cannot be
done to estimate 7 in real-time since it needs to accumulate measurements up until
it reaches n measurement points. Hence the name batch estimation. The estimated

7 is then available only once per n measurements and n is a fixed-parameter.
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A.2 The effect of update mechanism

Update mechanism refers to "when" the estimation of 7 is done. In the case of batch
estimation, it refers to the condition in which the measurements are considered to be
put into the matrix X and y;. In RLS, it refers to condition in which the next step
is done. While it may not seems to be significant at a glance, this has a profound
effect on the value of the estimated 7.

The update mechanism for batch estimation is illustrated in the following figure:
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Figure A.1: Illustration of update mechanism for batch estimation

Suppose the update is set to occur when the volumetric flow through the DPF is
above 250 1/s. This limit is illustrated as the red line in figure A.1. Periods where
the data is considered for the estimation is highlighted in green. Therefore, each
"'window" of green highlight in the figure is considered as one k in equation (A.1).
If for a single k the amount of datapoints exceed n, then that particular window is
divided into multiple k£ such that no amount of data in a single k£ exceeds n.

Using the data from the LLC loading and regenerative case (mode 3+4), the n

obtained from batch estimation are as follow:
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Figure A.2: Batch estimation of 1. The color represent different volumetric low
threshold

As shown in the figure above, the estimation is relatively noisy. Savitsky-Golay

filtering is then done and resulting in the following figure:
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Figure A.3: Batch estimation 7 filtered with Savitsky-Golay. The color represent
different volumetric flow threshold

We can see that diferent update mechanism produces different magnitude of n while
to some extent preserves the general shape or trend of . Now we turn our attention
to the update mechanism of the RLS method. Since this is algorithm is supposed
to be done in real-time, it reads the incoming stream of datapoints one-by-one. The
update mechanism then refers to the condition in which the new estimation is made.

Varying the volumetric flow update limit results in the following 7 result:
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Figure A.4: Estimation of n with varying volumetric flow threshold. The color
represent different volumetric flow update mechanism

There are noticeable differences in term of magnitude in a similar fashion to the
batch estimation case.Table A.1 shows the comparison of the root-mean squared
error of both batch estimation and RLS.

Q. (%) | RLS | Batch estimation
0 0.55 0.48
0.33 | 0.61 0.47
0.67 | 0.64 0.56
1.00 1.00 0.54

Table A.1: Root mean squared error (PAa) of different volumetric flow threshold in
RLS and batch estimation

The root-mean squared error is in normalized term due to confidentiality. However,
one can see that a more relaxed update mechanism tends to have lower error while
having more noise as can be seen in the figures above. With these results, one must
consider the update mechanism upon interpreting n in its numerical nature. While
mathematically 7 can be defined as the first term in 2.9 without the volumetric flow
(@, and viscosity p, the definition involves variables with very different magnitudes.
As an example, the cell dimensions are typically within millimeter scale with 1073
order in SI unit. The permeabilities on the other hand, are typically within the
order of 10712 to 1071%. The 7 as we seen in previous chapters, are within the order
of 108.

In this thesis, no exact numerical interpretation of 1 was made. The observation

made in 4.1 shows the average value around several timesteps before and after the

IV



A. Appendix 1: On the estimation of n

observation point. Moreover, author would like to emphasize the infamous aphorism
within the engineering world, "All models are wrong, but some are useful" as first
coined by George P. Box in [68] . The pressure drop model presented by Konstan-
dopoulos et.al as written in 2.9 is useful and has been used in many research within
the topic of DPF. However, one must always remember that nature—in this context
represented by the particulates behavior within the DPF-might behave differently
from the model. In fact, many variations of the pressure drop model exist such as
in [26]. This method might be able to exactly estimate the trends and conditions
such as deep-bed filtration and cake filtration. However, one shall be very careful
when trying to perform some numerical inference from 7.

Further exploration regarding the estimation methods and pressure-drop models

were not done within this thesis due to time limitation.
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