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Abstract 

The diesel particulate filter captures particulate matter that is produced in the diesel engine. 
A small fraction of particulate matter is comprised by ash forming matter. When the 
combustible fraction of particulate matter is removed from the filter, the ash, which is 
incombustible, remains. The accumulation of ash in the diesel particulate filter increases fuel 
consumption and shortens the lifetime of the filter. The study of ash accumulation in filters is 
mostly dependent on field tests; an expensive and time-consuming process. To establish a 
more economical testing method, both in terms of time and cost, the accumulation of ash in 
the filter has to be accelerated. Hence, a literature study to determine the important 
parameters affecting ash formation and deposition pattern has been performed and the 
results are presented in this thesis. Moreover, a design proposition for an accelerating ash 
accumulation test rig is presented. The rig design allows for the control of exhaust gas 
temperature and velocity, soot production rate and morphology, intervals between 
regeneration as well as position and method of ash forming matter introduction. A burner is 
used for the production of soot and ash, and the exhaust gases are guided to the filter by a 
blower placed downstream the filter. The blower compensates for the pressure drop, allowing 
the gas flow to be constant. For a more precise temperature control, a heater is placed before 
the inlet of the filter. The different ash production methods that can be tested are the injection 
of oil in the burner’s flame, the injection of oil in the gas stream, and the use of fuel doped 
with oil. By replacing the burner with a particle feeder, the rig can also fill the filter with ash; 
artificial, or collected from actual filters. Additionally, a set of considerations is provided to 
enable the accurate component specifications/ characterisation. The design is following a 
modular concept, i.e. the components’ position can change to accommodate various 
research goals. 
 
KEY WORDS: Diesel engine, Diesel particulate filter, Particulate matter, Testing Rig, 

Accelerating Ash Accumulation  

  



Sammanfattning 
 
Ett dieselpartikelfilter fångar partiklar som genereras vid förbränningen i en dieselmotor. En 
bråkdel av partiklarna består av askbildande material. När den brännbara delen avlägsnas 
från filtret återstår enbart aska (som inte är brännbar). Ackumuleringen av aska i ett 
dieselpartikelfilter ökar bränslekonsumtionen och förkortar filtrets livslängd. Studier av 
askackumulering i dieselpartikelfilter är främst beroende av fälttester, vilket är både kostsamt 
och tidsintensivt. För att ta fram en mer ekonomisk testmetod, både avseende tid och 
kostnad, måste askackumuleringen i filtret kunna accelereras. Således genomfördes en 
litteraturstudie för att fastställa vilka testparametrar som främst påverkar askbildning och 
depositionsmönster i filter. I enlighet med den målsättningen har arbeten från ett flertal 
forskare utvärderats och sammanställts till ett designförslag för en testrigg för accelererande 
askackumulering. Den föreslagna testriggen medger kontroll av avgastemperatur och  flöde, 
sotbildning, sotmorfologi, regenereringsintervall samt hur det askproducerande materialet 
introduceras. En brännare används för produktion av sot och aska, varefter avgaserna leds 
till filtret med hjälp av en fläkt. Fläkten motverkar tryckgradienten mellan in- och utloppet, 
vilket medger ett konstant gasflöde. För en mer precis temperaturkontroll kan en värmare 
placeras framför filtrets inlopp. Askproduktionsmetoder som kan testas är oljeinjektion i 
brännarens flamma, oljeinjektion i gasflödet och slutligen oljeberikat bränsle. Genom att byta 
en brännare mot en partikelmatare kan riggen även fylla filtret med aska; artificiellt skapad 
eller alternativt samlad från faktiska filter. Utöver detta  presenteras en serie frågeställningar 
som bör tas i beaktande för att möjliggöra bra specifikation av de ingående komponenterna 
och -karakterisering. Den föreslagna testriggen är designad utifrån ett modulkoncept, vilket 
innebär att komponenternas inbördes konfigurering kan varieras för att möjliggöra olika typer 
av tester och forskningsmål.  
 
NYCKELORD: Dieselmotor, Dieselpartikelfilter, Partiklar, Testrigg, Accelererad 

askackumulering 
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NOMENCLATURE 

ASC: Ammonia Slip Catalyst 

ATS: Aftertreatment System 

DEFA: Diesel Exhaust Filtration Analysis 

DOC: Diesel Oxidation Catalyst 

DPF: Diesel Particulate Filter 

ERC: Engine Research Center 

PID: Proportional–Integral–Derivative 

PM: Particulate matter 

SCR: Selective Catalytic Reduction 

ULSD: Ultra Low Sulphur Diesel 

ΔP: Differential pressure drop 
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1. INTRODUCTION 

 

1.1 Diesel engine emissions 

The diesel engine is being widely used in modern day life. Even though it is more fuel efficient 

than the gasoline engine, it still releases emissions, harmful to the environment [1]. The diesel 

exhaust gas consists of water, carbon dioxide (CO2), hydrocarbons (HC), carbon monoxide 

(CO), particulate matter (PM), nitrogen oxides (NOx), sulfur oxides (SOx), nitrogen (N2) and 

oxygen (O2). The aftertreatment system (ATS) is responsible for cleaning the diesel exhaust 

gas from pollutants, making it safe for it to be released in the atmosphere. The ATS comprises 

of several parts, which will be briefly explained. The aim of the study is to design a system to 

accelerate the ash loading of the Diesel Particulate Filter (DPF), thus more focus will be given 

to its function.  

 

1.2 Diesel engine aftertreatment system 

The exhaust gas is first guided through the Diesel Oxidation Catalyst (DOC). The DOC 

oxidises the soluble organic fraction of the exhaust gas; the gaseous hydrocarbons (HC) and 

the carbon monoxide (CO), according to the following chemical reactions (Equation. 1-2): 

𝐻𝐶 + 𝑂2 → 𝐻2𝑂 + 𝐶𝑂2   (1) 

2𝐶𝑂 + 𝑂2 → 2𝐶𝑂2        (2) 

The DOC increases slightly the NO2 concentration, contributing to the need for NO2 in the 

succeeding component of the system: the Diesel Particulate Filter (DPF) (Equation. 3). 

2𝑁𝑂 + 𝑂2 → 2𝑁𝑂2       (3) 

The DPF traps the particulates as the gas flows through it. In its most common form, it is 

made from ceramic porous material, and it comprises of many channels, which are 

alternatingly plugged at one end. The NOX in the exhaust gas needs also to be lowered this 

is done in the the Selective Catalytic Reduction (SCR). This is a NOx reduction catalyst, 

which turns nitrogen oxides (NOx) into nitrogen (N2) by addition of ammonia according to the 

following equation (Equation.4).  

𝑁𝐻3 + 𝑁𝑂𝑥 → 𝐻2𝑂 + 𝑁2      (4) 

The products of this reaction are nitrogen and water, which are natural components of the 

air. Ammonia is added to the exhaust stream by rapidly decomposing urea ( CO(NH₂)₂ ). The 

urea fluid is stored in a tank and has to be replenished from time to time. 

The last component of the aftertreatment system is the Ammonia Slip Catalyst (ASC). The 

ASC catalyst actually consists of two layers where the upper layer is an “SCR” layer and the 

lower is a “DOC” layer. Hence, any formed NOx is reduced in the top layer to N2 and hence 

the very low emissions of NOx (Equation. 5). 

𝑁𝐻3 + 𝑂2 → 𝑁𝑂𝑥      (5) 
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1.3 Particulate matter: composition and environmental impact 

As mentioned above, the DPF traps the particulate matter (PM). An exact definition of the 

PM is hard to find, as it is described as “filterable material sampled from diluted and cooled 

exhaust gases”, which includes both solid and condensed liquid material [2]. PM is composed 

of adsorbed hydrocarbons (soot), sulfates, nitrates, metals, trace elements, and water [1, 3, 

4]. A schematic representation is presented in Figure 1. 

 

 
Figure 1: Schematic representation of particulate matter [1] 

 

Particulate matter is a combination of soot and other liquid and solid phase materials. Soot 

is created in the combustion chamber, under fuel rich conditions and high temperatures with 

low oxygen concentration. Engine conditions along with the conditions of the exhaust, affect 

the amount of liquid phase materials and hydrocarbons that will be adsorbed on the soot 

particles, affecting the PM composition [1]. For example, normal engine operating conditions 

result in the coating of the solid carbon spheres, which is seen in Figure 1. 

The diesel particulate that is collected during emission testing, can be divided into two types 

of particles: 1. fractal like agglomerates of primary particles which have a diameter from 15 

to 30 nm, and are composed of carbon and traces of metallic ash, coated with condensed 

organic compounds and sulfate, and 2. nucleation particles composed of condensed 

hydrocarbons and sulfate. [5] 

The pollutants contained in PM pose a series of threats to the environment. For instance, 

elemental carbon adsorbs sunlight accelerating the warming of the earth [6]. The hazardous 

effects of particulate matter on the human body, are attributed to the size of the particulates, 

which allows the pollutants to enter the body. Due to their very small size (0.01-0.08μm for 

primary particles and 0.08-1μm for aggregates), they can penetrate the respiratory system 

causing mainly lung disorders. Many studies have been conducted on this topic, and some 

of the effects of particulate matter on humans have been found to be the increase of the risk 

of lung and bladder cancer, severe eye infections, nausea and asthma. With the use of 
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biodiesel these effects are augmented as the fine particles turn into ultrafine particles, and 

their reduced size makes them more capable of penetrating further into the lungs [1, 6].  

Due to these problems, the regulations for the release of the particulate matter in the air are 

getting stricter, and the methods for its reduction have to be optimised. 

 

1.4 Diesel Particulate Filter 

The DPF is an important contributor to the mission of controlling PM emissions, since it is a 

very efficient method of capturing PM; the removal of particles can reach 98–99.9% [7]. The 

structure of the filter and its principle of function are illustrated in Figure 2.  

 

 

 

a b 
Figure 2: a. Photo of a Johnson Matthey DPF [ https://matthey.com/products-and-services/emission-control-

technologies/mobile-emissions-control/diesel-particulate-filter]  b. Schematic representation of a DPF cell 

 

The gases are guided to the filter’s open channels (inlet channels), which are plugged at their 

other end. The gases are forced to go through the porous wall, to enter the outlet channels 

and exit the filter. As they go through the channel wall, the particulates get trapped. 

Particulate matter consists of a combustible and an incombustible part. The combustibles 

(soot) are cleaned in-situ with a process called regeneration; explained further in 1.5.1 and 

1.5.2. The incombustibles remain and gradually fill the filter channels, until they need to be 

cleaned; a process which takes place ex-situ. The filter is considered full, and consequently 

is removed from the vehicle, when a certain value for the difference between the inlet and 

the outlet pressure from the filter, is reached. This difference is called pressure drop, and is 

the cause of increased fuel consumption, which is not desirable. 

 

1.5 Pressure drop 

Pressure losses in the filter are the sum of contributions of many components; filtration walls, 

soot, cake layer, channel friction and inlet and outlet effects [8]. These factors are described 

by the following equation (Equation. 6) [9], and are illustrated in Figure 3. 

 

𝛥𝑃𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑃𝑖𝑛 + 𝛥𝑃𝑜𝑢𝑡 + 𝛥𝑃𝑐ℎ𝑎𝑛𝑛𝑒𝑙 + 𝛥𝑃𝑤𝑎𝑙𝑙 + 𝛥𝑃𝑎𝑠ℎ + 𝛥𝑃𝑠𝑜𝑜𝑡     (6) 
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where,  

ΔPin : change in pressure from expansion of exhaust gases in the inlet of the filter 

ΔPout: change in pressure from contraction of exhaust gases in the outlet of the filter 

ΔPchannel: pressure drop due to surface drag losses of the flow in the channels 

ΔPwall, ΔPash, ΔPsoot: are factors determined by the Darcy’s law for flow through porous media. 

ΔPwall is affected by porosity distribution, mean pore size and wall thickness, while ΔPash and 

ΔPsoot express the additional pressure drop due to the accumulated soot and ash, which act 

as an additional filter layer. 

 

Figure 3: Schematic view of flow pattern through a channel of a wall flow DPF, showing pressure loss components [8] 

 

PM can be divided in three fractions: a solid fraction, an organic fraction and sulphate 

particulates. The solid fraction consists of solid carbonaceous material (soot), and ash. Ash 

consists of various metallic compounds originating from lubricant additives (90%), trace 

elements in the fuel, engine wear and corrosion products (5%) [10]. As gases flow through 

the filter, the PM accumulates on the filter walls (a small amount penetrates the pores as 

well). The accumulation of soot affects the flow of the gas, as it reduces the available 

diameter, and blocks the pores. In order for it to be removed from the filter, a process called 

regeneration (soot oxidising) takes place. Regeneration can be executed in two ways: 

passively or continuously, and actively or periodically. 

 

1.5.1 Active regeneration: 

Active regeneration is the combustion of the soot in the presence of oxygen. To achieve the 

burning of the soot, the temperature in the filter needs to be high (>600°C). This is usually 

achieved by injecting fuel in the gas stream when a certain amount of soot has accumulated. 

The combustion of soot in active regeneration follows equation 7. 

𝑠𝑜𝑜𝑡 + 𝑂2 → 𝐶𝑂2    (7) 

Active regeneration takes place  at certain times when the filter is full of soot, which is why it 

is also called periodic. Active systems are usually preferred when the driving conditions do 

not raise the temperature to values where passive regeneration can take place. [11, 12] As 

a lot of heat is released during this type of regeneration, the maximum amount of soot present 
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is defined by the resistance of the filter material to the thermal stresses of regeneration. [13] 

In many cases the maximum soot load in the filter is also restricted to limit the fire hazard. 

 

1.5.2 Passive regeneration:  

Passive regeneration takes place on a catalysed DPF. The catalyst is usually platinum (Pt), 

or palladium (Pd). In the presence of NO2 at a ratio of 8:1, NO2/ soot, the combustion can 

take place at much lower temperatures (300°C-450°C) compared with active regeneration. 

The amount of NO2 required is generated in the diesel oxidation catalyst (DOC), which 

precedes the filter, as well as in the DPF itself with the help of the Pt and Pd catalysts. The 

soot combustion in this case follows equation 8: 

𝑠𝑜𝑜𝑡 + 𝑁𝑂2 → 𝐶𝑂2 + 𝑁𝑂    (8) 

It is called continuous as it happens as long as the NO2 comes in contact with the catalyst to 

initiate the soot oxidation.  

Passive systems are favored, particularly for retrofit applications, because they require no 

integration with the engine, no source of energy other than the exhaust gases themselves, 

and no complicated control systems. [11, 12, 14] 

After the soot oxidization, the ash, which is incombustible material, is left behind. Ash 

comprises a small fraction of the PM and accumulates in the DPF dispersed throughout the 

soot layer. Ash is deposited in the filter [9], and its build up affects fuel consumption by 

increasing the exhaust flow restriction and backpressure, and by also decreasing the filter 

regeneration intervals through a reduction in filter soot capacity [10]. The presence of ash in 

the filter increases the backpressure drop by limiting the diameter of the channel, and at the 

same time the available porous surface, by being deposited on the wall and at the back of 

the filter. 

 

1.6 Description of the problem  

Backpressure has a direct connection to the engine's fuel consumption and turbo 

performance. [Reference omitted due to confidentiality]. An increase in exhaust 

backpressure, decreases the engine mean effective pressure. This relationship is expressed 

in equation 9. [5] 

𝑊𝑐𝑦𝑐𝑙𝑒 = ∮ 𝑝𝑑𝑉 + (𝑝𝑖𝑛 − 𝑝𝑒𝑥) ∗ 𝑉𝑑     (9) 

The rate of fuel consumption increases to restore the engine output. In addition to the 

drawbacks of increasing fuel consumption, cleaning or changing the filter contributes to 

increased service costs and longer downtime at the workshop. [15] Another observed 

behavior is that the engine responds to an increasing back pressure by emitting more and 

more soot. [16] Accumulated ash in the filter, enhances these phenomena. 
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The origin of ash and the effects it has on the filter’s lifetime as well as the fuel consumption 

are well known. However, the mechanisms that affect the properties of ash are not well 

understood.  

The main source of information about ash accumulation in DPFs is based on filters from field 

tests on vehicles. This type of tests gives very realistic results, but they are time consuming 

and costly. Since ash only comprises 1% of PM, it takes a lot of time for it to accumulate on 

the filter. In addition, the driving conditions of a vehicle vary a lot, as well as the operating 

conditions of the engine, making the results difficult to compare. 

 

1.7 Aim of the project 

 

The aim of the project is to compose a proposal for the design of a test rig that will accelerate 

the accumulation of ash in the DPF.  

The goal is to be able to use the rig to simply fill a filter with ash rapidly, but also to manipulate 

the mechanisms of ash formation to observe how they affect the properties and the deposition 

pattern of the ash. To achieve this, the rig should provide the user with the freedom to 

replicate different ash generating processes, while being able to alter parameters that affect 

the ash properties. The future research goals focus on DPFs used in heavy duty vehicles, so 

the specifications of the rig are chosen to fit these requirements.  

This thesis is part of the project Aska 1 project, a collaboration between Scania and KTH, 

with the goal of proposing a system for studying the mechanisms of ash accumulation. In the 

second part of the project, the rig will be built in KTH. 

The work was performed at Scania Materials Technology in Södertälje, in cooperation with 

the department of Machine Design and the department of Chemical Engineering and 

Technology at KTH. 

 

1.8 Methodology 

 

The methodology followed for this project will be described in this part of the report. 

In order to obtain theoretical background on the project, an extensive literature study was 

made. The information from the literature regarded properties of the diesel engine emissions, 

the function of the aftertreatment system, chemical and compositional characteristics of the 

PM and the ash, as well as work made by previous researches dealing with the same 

problem.  

The findings of the literature study were then summarised and organised so that useful 

conclusions could be made, and an overall picture could be obtained. The work of other 

researchers was studied and evaluated in regard to the objectives of this project. Inspiration 

was taken from their work, and also information on the problems they faced during the 
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realisation of their experimental processes, as well as whether they managed to obtain their 

desired results. 

In order to get some more insight on the problem and its more technical aspects, more 

information was obtained from field experts, who have practical experience from working with 

the under-consideration components of the rig. 

It was realised that for the sizing of the components, fluid dynamic simulations or experiments 

should be done. Since this was not a possibility in the frame of this project, the optimum size 

of all the components could not be determined. Therefore, it was decided to provide the 

reader with the thought process and the tools needed to make this assessment. Some 

educated guesses and estimations have been made, based both on acquired knowledge and 

literature study, but it should be kept in mind that, although realistic, they are probably not 

the most accurate. 

The results from every step of this process are presented in detail in the following sections of 

this report. 
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2. LITERATURE REVIEW 

 

2.1 Particulate matter and soot formation 

Diesel particulate matter is formed during the combustion process in a diesel engine and 

during the subsequent travel of the exhaust gases within the exhaust system. Its composition 

has already been explained, so in this part, the parameters that affect its formation will be 

mentioned. 

PM is formed in the combustion chamber. The fuel additives that form the particulate matter, 

are emitted in the particle phase. Additives, such as ferrocene, cerium compounds, calcium 

and magnesium-based detergents, or zinc based anti-wear ones, are used to improve engine 

efficiency, wear resistance, assist the regeneration process, lubricate the fuel injection 

equipment, etc. Almost all of the additives contain a metal element, which ends up in the 

engine as an oxide, and remains in the filter as ash. The appearance of ultrafine solid particles 

takes place after an additive threshold, which affects the soot emission factor. As the additive 

content increases, the amount of very fine particles increases significantly. Temperature 

during combustion has no effect on the size of the particles when they are not volatile. [4] 

When the concentration of additives is very high, then the engine’s operating conditions do 

not have an effect on the particle size anymore, and the size distribution is dominated by the 

additives. Research in two different engine types (turbo charged and air aspirated), showed 

that regardless of the engine, the PM formation followed those principles [4]. The appearance 

of the ultrafine solid particles, usually coincides with exceeding the amount of metals the soot 

can carry, which leads to the particles being carried in the exhaust gas independently. 

Below the onset of very fine particle generation, the engine conditions affect the size of the 

particles. At higher engine speed and load, the particles are smaller. [4, 17, 18, 19] The 

reason for this could be that particle oxidation is enhanced by higher temperature which 

characterises these conditions. 

Table 1 summarises the effects of engine conditions on the particle morphology: 

 

Table 1: Engine operating conditions' effect on particulate matter's particle size [17] 

Engine 
operating 
conditions 

Loads ( % of 
maximum 
torques) 

Number 
density of 

aggregates 
Particulate’s size Morphology 

Average 
primary 

size 

675 rpm 
(idle) 

0 Low 

Wide range from 
tens of primary 

particles to 
hundreds 

Nebulous boundaries 
between particles in the 

agglomerates (like 
fusing together) 

34.4 nm 

900 rpm 15 - 
Pronounced boundaries 

between particles 
- 

1400 rpm 15 
Low, when 

there was no 
load 

Nebulous boundaries 
between particles in the 

agglomerates (like 
fusing together) 

32.3 nm 

1400 rpm 50 
Significant 
increase 

Pronounced boundaries 
between particles 

28.5 nm* 
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Although the engine speed and load affect the size of the primary particles, they do not affect 

the growth of the particles. Growth takes place by agglomeration, usually forming chain-like 

clusters. This is affected by the temperature of the exhaust gas, in the following way: when 

temperature increases aggregate clusters also increase, but when the temperature keeps 

increasing, then the particle aggregations will start being smaller. This is attributed to 

oxidation [17, 18, 19] and can be seen in Figure 4.  

The behaviour of a light duty engine is different, but it is not in the interest of this report, so it 

will not be explained. 

 

Figure 4: Primary particle size (dp) as a function of exhaust temperature [18] 

The trend of increasing mean diameter at low engine speed (lower temperature) and 

decreasing diameter for high engine speed (higher temperature), is also followed when the 

additives are blended in the fuel [11]. 

The shape of the primary particles is affected, by the presence of sulphur in the fuel, as well 

as ash forming elements; the higher the content, the easier it becomes for the primary 

particles to obtain a shape that encourages the formation of more disordered agglomerated 

structures, than chain-like. Understandably, the thickness of the amorphous material around 

the soot increases [20]. 

Soot is the unwanted by-product of incomplete combustion. The generation of soot happens 

in the flame, and its main constituents are aggregates or carbon spheres. Soot produced 

from a diesel engine, also contains tars and resins. [21] 

 

Soot is the liquid hydrocarbons that solidify before they turn into gas. The steps of this process 

are nominally: pyrolysis, nucleation, surface growth, coalescence, agglomeration and 

oxidation. During pyrolysis, the compounds go through a phase change at high temperature 

without sufficient amount of oxygen. At this stage the precursors of soot are created. During 

nucleation the particles form gas phase reactants. Nucleation is followed by surface growth, 

where the size of the particles increases. During coalescence and agglomeration, the 

particles are combined after interparticle collisions. The number of particles decreases but 
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their size is increased, as they form into one spheroid. The last step, oxidation, is the process 

where soot turns into products of combustion. The whole process of soot formation is affected 

by conditions such as pressure and temperature, which influence properties such as the size 

and size distribution of the particles [1]. 

Soot is produced under fuel rich conditions and oxygen deficiency. Consequently, the greater 

amount of oxygen in the fuel, the lesser the soot mass produced. In addition, the presence 

of hydrogen will also reduce the soot rate production, and since soot is basically carbon, a 

carbon rich fuel will produce more soot. Other substances in the fuel that increase the soot 

mass are sulfates and lead content, which will encourage the formation of the soluble organic 

fraction. Lastly, the sulfur will not increase the soot mass, but it will create bigger particulate 

matter particles by oxidising and then attaching to soot particles [1]. 

 

2.2 Soot deposition 

The deposition of soot in the filter is important, as it will affect how the ash will be distributed 

in the filter later. Initially, the soot is trapped in the porous wall of the DPF. This state is called 

“deep bed filtration”, or “surface pore filtration” since the soot does not reach the pores that 

are deeper in the wall. When the surface pores are filled, the filtration transitions to “cake 

filtration” which describes the deposition of soot on the wall of the filter, forming a cake [8, 

12, 22, 23, 24, 25, 26]. When soot and ash are both present in the filter, it has been observed 

that the soot does not penetrate the ash, but instead it creates distinct layers on top of the 

ash [27].  

During surface pore filtration the increase in pressure drop is non-linear [22, 24, 25], whereas 

during cake filtration, the pressure drop increases linearly. This could be attributed to the fact 

that the soot deposition during cake filtration happens uniformly, whereas during deep bed 

filtration the deposition in the pores is irregular. Up to a certain amount of soot deposited, the 

DPF filtration efficiency increases, reaching even 100% [24, 25]. However, despite the 

increase in efficiency, there is an increase in pressure drop, which is in no case wanted.  

The manner the soot interacts with the filter surface, has been proven to depend on the Peclet 

number. This number is indicative of the relative importance of convective (deterministic) vs 

diffusive (random motion) transport. The Peclet number correlates the microstructure of the 

deposited layers to the conditions under which it was formed. Higher flows result in denser 

packing, while lower flows result in more porous and open structures. [8, 28] 

The Peclet number has local values determined as in equation 10: 

𝑃𝑒 =
𝑢𝑤 ∗ 𝑑𝑝𝑟𝑖𝑚𝑎𝑟𝑦

𝐷𝑝
      (10) 

where: 

Dp is an aggregate morphology coefficient, dprimary is the primary soot particle diameter, and 

uw is the filtration velocity.  

In a catalytic DPF, it is not rare that small gaps between the soot layer and the filter wall can 

be observed. These are usually observed at the catalytic sites. [27] 
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An interesting and important phenomenon is that of bridging, illustrated in Figure 5. Initially 

the soot lays on the surface of the pores of the filter. Looking at the picture, from 9 seconds 

and onwards, the soot starts laying on the previously deposited one, creating dendritic 

structures. These structures start growing perpendicularly to the walls, until they connect to 

the opposite side, creating a bridge and obstructing the flow of the gas. The point where 

bridging occurs, depends on the wall structure [24]. Adsorbed hydrocarbons on the soot layer, 

affect the way it will form agglomerates, but also how sticky it will be. [20] 

 

Figure 5: Time lapse images of soot trapping for the cross-sectional view of the wall [24] 

This phenomenon is important as it affects the deposition of the ash in the filter. Bridging can 

occur at any length in the filter, blocking the gas flow, and rendering the area of the channel 

downstream the bridging point, useless.  

 

2.3 Effect of soot and ash on pressure drop 

 

2.3.1 Soot 

Soot has a big effect on pressure drop, even higher than that of the ash. The amount of soot 

or ash in the filter is usually expressed using grams per litre (g/L). The litres describe the 

available volume of the filtre, while for the ash and the soot, it is their weight that is measured. 

When referring to soot or ash load, the units implied are g/L.  

For the same load in the filter, the soot increases the pressure drop much more than the ash. 

This discrepancy is explained by the soot’s low packing density, combined with the fact that 

it penetrates the pores of the filter, taking up a significant amount of their volume. [9, 29] 

As mentioned before, soot is first deposited in the pores and then it forms layers on the wall 

surface. During the first stage of loading (deep bed filtration), the pressure drop increases 
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nonlinearly. During the second stage of loading (cake filtration), the pressure drop increases 

linearly as a function of soot load. The relationship between these two values is presented in 

Figure 6 [23, 24]. Stages 1 to 3 represent the deep bed filtration phase, while stage 4 

represents the cake filtration phase. 

 

Figure 6: Conceptual model of the pressure drop during DPF filling [23] 

The effect of soot load on pressure is also determined by the filter’s characteristics; geometric 

and pore structure. Those are fixed characteristics that are decided by the manufacturer [30]. 

It can be seen in Figure 7 that the material of the substrate coating did not change the shape 

of the curve, but it caused a displacement of the curve [23]. This means that the different 

materials did not affect the onset of the filling stages (nonlinear part: 0s to approximately 

250s: deep bed filtration, linear part: 250s and onwards: cake filtration), but they did affect 

the pressure drop values. This could be due to the different porosity of the coatings. 

 

Figure 7: Influence of substrate material [23] 

Different engine conditions will result in different particle size, as well as different flow 

velocities in the channels. The combination of all these parameters will in the end determine 

the pressure drop values [23]. 
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2.3.2 Ash 

Ash has a big impact on pressure drop. Pressure drop does not increase linearly as a function 

of ash load, but it does increase drastically after a certain load is exceeded [29]. Since most 

of the ash is bound to the soot, it follows the same depositional behaviour initially. It first 

showcases a deep bed filtration regime, and then the cake filtration follows. The duration of 

the deep bed filtration mode depends on the filter operating conditions, the pore size, the 

porosity of the wall, and the size of the ash particles. The cake filtration mode usually sets in 

after some loading and regeneration cycles [31]. 

Ash properties, like permeability, packing density and porosity, play the dominant role in 

determining the pressure drop value. Since these properties are dependent mostly on the 

ash chemistry, differences are observed for different ash compositions. The chemistry affects 

the shape of the particles, and also the stickiness. The deposition pattern is affected by the 

particle properties, but also transport phenomena that take place after the initial deposition 

of ash. But these are also affected by the particle properties. In older studies there was some 

disagreement between the authors, about the importance of ash chemistry, but it seems like 

it is proven that it affects the properties a lot. Calcium and magnesium containing ash results 

in higher pressure drop, than zinc containing ash. This could be attributed to the higher 

packing density that is observed with these two elements. It is very interesting to point out 

that zinc containing ash, has almost no effect on pressure drop, even for higher amounts of 

ash in the filter. This is because it is not very sticky, so it can flake away easily and deposit 

at the end of the channels. It also forms ash chunks which leave some free surface on the 

channel walls. [22, 29, 32]  

Particle size affects the porosity of the ash. Consequently, larger particles will result to higher 

porosity and sequentially lower pressure drop [33].  

The distribution of ash is another parameter that affects the pressure drop values.  When ash 

is accumulated along the channel walls, it reduces the diameter of the channel, introducing 

a second porous layer for the gases to pass through. When it is accumulated at the back of 

the filter it reduces the filter length, forming a so called “ash plug” that is impenetrable for the 

gases. However, the pressure drop exhibits higher values when the ash is deposited as layer 

along the channel walls. [29, 32, 34] 

In Figure 8 the pressure drop is measured for three DPF samples with no soot. 

Figure 8: Pressure drop measured for three DPF samples with no soot loading [34] 
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The samples A, B and C are filters from high mileage vehicles. The mileage was highest for 

sample B, followed by A, and then C. Ash accumulation caused a 12-30% raise in the 

pressure drop. The raise for sample A was higher than the one for sample B, even though 

sample B had higher mileage. This could be attributed to the fact that sample A had a longer 

ash filled length, verifying the observation that the deposition of ash affects the pressure drop 

more than the amount of ash in the filter [34].  

A phenomenon that occurs in the filter, is the sintering of ash. When ash sinters, its porosity 

decreases, which means that the ash layer gets less permeable. As ash is deposited on the 

pores, it blocks them, forcing soot to be placed on the ash layer, preventing the depth filtration 

stage and accelerating the build-up of a soot cake layer [35]. At the same time, other pores 

will be reopened since ash decreases in volume during sintering. Which mechanisms will 

dominate is also affected by the behavior of ash during sintering, which depends on 

compositional characteristics. 

 

2.3.3 Soot and ash 

Ash increases the filter’s pressure drop sensitivity to soot accumulation. Since there is 

already a pressure drop value from the existing ash, it rises with the deposition of soot on top 

of it, increasing the filter’s pressure drop sensitivity [9], The term “pressure drop sensitivity” 

is describing the “ratio of the rate of pressure drop increase with respect to an increase in 

soot accumulation for the case with ash, compared to that with no ash” [36]. 

In the graph of Figure 9, the pressure drop as a function of soot loading for various levels of 

ash load is presented.  

 

Figure 9: Pressure drop versus soot loading at various levels of ash load (g/l) [37] 

It can be seen that the curve representing pressure drop for 4 g/L is lower than the curve for 

0 g/L load. During low ash loads, the ash creates a thin membrane-like layer along the 

channel walls that increases the filter’s efficiency, by keeping the soot from entering and 

blocking the pores. As the load increases, this effect is offset. 
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When the filters from Figure 8 were loaded with soot, the curves in Figure 10 were 

obtained. Figure 8 is put here again to facilitate the comparison. 

 

  
a b 

Figure 10: Pressure drop measured for three samples with a.no soot loading, b. soot loading [34] 

 

It can be observed that the rate of increase is high for soot loads below 0.5 g/L, and the 

pressure drop was increased by 12-22% at 2 g/L soot. The filter with the greater ash-filled 

length causes the higher pressure drop again [34].  

Similarly, other authors have observed that the presence of soot and ash at the same time, 

increase the pressure drop in the filter (Figure 11) [10, 35]. In Figure 11 two samples with 

similar mileage are elucidated. The pressure drop was measured for different soot loads, 

where it is seen that for higher soot load, the pressure drop increases. In addition, for sample 

15 (in red), the phenomenon of bridge formation led to even higher increase for similar soot 

loads [10]. 

 

 

Figure 11: Impact of soot and ash on DPF pressure drop [10] 
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2.4 Ash properties 

The matter that creates the ash originates mainly from  the fuel and the lubricants,  i.e. the 

engine oil. The metals that are added in the lubricants serve as detergents, anti-wear agents, 

antioxidants, corrosion inhibitors and lubrication improvers [3].  

Ash mainly enters the DPF bound to soot particles. More specifically, lubricant derived 

elements such as calcium, zinc, magnesium, and phosphorous, tend to form particles with 

very small sizes (less than 30 nm) which encourages their bonding to the soot, whereas 

engine wear and corrosion particles are carried separately in the gas [38]. The main 

compounds found in the ash are Calcium Sulfate (CaSO4) and Phosphates (of Zn, Fe and 

Ca). Their origin for a truck that uses API CJ4 oil and ULSD fuel, is presented in Figure 12 

below [10]. 

 

Figure 12: Origin of ash components [10] 

Even though the soot particles that are transporting the ash have an average particle size of  

100 nm, the ash agglomerates in the filter are nearly 10 times larger (1-10 μm). This is 

indicative of changes happening in the ash properties after it has been deposited in the filter. 

Additionally, the ash does not follow the soot’s distribution in the channels, which implies that 

ash can change positions in the filter. By using metallic tracers, researchers [32] have 

observed that  ash firstly accumulates mostly at the wall, instead of the plug, but as the layer 

thickness grows, the channel velocities also increase, and when a critical shear stress is 

surpassed, the ash can be removed from the wall and guided to the back of the filter [9, 32, 

39]. The higher velocities on the channel walls also affect the density of the ash on the wall, 

which tends to be higher, than for the ash at the plug [22]. 

Regeneration also serves to reducing the force of adhesion between the filter material and 

the soot (Figure 13). In this manner, ash can be transported to the back of the filter embedded 

in a detached soot cake [40]. 
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Figure 13: Image sequence showing soot and ash transport at constant flow rate of 56,000 1/h during filter regeneration. [52] 

 

The stickiness of the ash is another property that affects its deposition pattern. This property 

is defined when ash particles are formed and is affected by the amount of melt present during 

the process. Melt is describing the condensed phase, both liquid and solid, that are molten. 

It is clear that temperature and composition are important parameters in this case. The higher 

the temperature, the more melt present, the stickier the ash. The threshold above which 

melting starts, is determined by the composition. [41] 

The amount of ash in the filter cannot be directly estimated by the amount of consumed oil. 

It has to be taken into account that although the relationship is linear, it has been estimated 

that approximately 60-70% of the calculated amount of ash, ends up in the filter [42]. This 

discrepancy is attributed to the fact that oil is also consumed as evaporative losses of the 

more volatile compounds that do not lead to emissions of metallic elements. Also when 

exhaust gas recirculation (EGR) is used, a portion of the exhaust gas is recirculated in the 

system, and ash can accumulate in other parts of the engine [10, 35, 43]. 

The accumulation rate of the ash in the filter varies according to the driving conditions of the 

vehicle. In a study examining filters from different types of trucks, it was found that the trucks 

with vocational duty-cycles saw highest ash accumulation rate (1.742 mg/mile), just above 

the filters subjected predominantly to line-haul duty-cycles (1.403 mg/mile).  The lowest rate 

was observed in the trucks with line-haul cycles only (0.108 mg/mile). [10] 

In Table 2 a compilation of ash properties gathered by the authors from the literature, is 

presented.  
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Table 2: Compilation of ash properties. Except where noted, the data is from field aged DPFs [36] 

 

The properties mentioned in the table, packing density, porosity and permeability, along with 

the ash layer deposit thickness, the location and distribution of ash and the amount of soot 

deposited on ash, are the ones that affect the function of the DPF. Sequentially, these are 

affected by a list of other parameters, namely: particle size, mobility of ash, lubricant 

chemistry, exhaust parameters (temperature and flow, which affect ash deposition, packing 

characteristics and mobility on the DPF), properties of the DPF substrate and transport 

phenomena [36]. Regarding packing density, it should be mentioned that it is an extrinsic 

property of the sample of the ash taken from a specific area in the filter. It is related to particle 

size, packing efficiency, agglomerate shape or structure, and it influences the permeability 

and the porosity of the ash layer [35].  

It can thus be understood that ash formation, transport and deposition are complex 

phenomena. An effort to present how these properties vary in field aged and lab aged filters 

is presented below. For their observation the filters can either be filled with ash in the lab, or 

be taken from actual vehicles under known engine operation and driving conditions. 

Depending on where the filter comes from it is called lab aged and field aged, respectively. 

The field aged process gives results representative of reality, but it is costly and time 

consuming, while it leaves very little freedom to parameter altering. In the lab the filters could 

be either filled in normal time or use a method to accelerate the ash loading. In the following 

sections (2.4.1 and 2.4.2) the literature around these types of experiments is summarised, 

and the variation of the properties of ash produced with different methods, is presented. 

 

2.4.1 Field aged and lab aged but not accelerated filters  

An extensive research performed in 2006, used 9 trucks that drove for over 180000 miles 

(≅290000 km). The trucks used different lubricants and the results showed that for the lower 

sulphated oils (less than 15 ppm sulphur), the ash particles were larger. Also, a difference 

between the amount of ash generated was observed for newer and older engines. Older and 

higher mileage engines created more ash in the filter. Lastly, the exhaust backpressure was 

proven to not be a direct function of ash accumulation. [44] 

In a study performed to investigate the impact of ash on a continuous regenerated filter, it 

was found that the ash deposited uniformly on the wall of the filter, but the highest amount of 
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ash was found at the plugs [29]. The filter was lab aged with no acceleration, and compared 

with filters from the field, it comes to agreement with the fact that the ash had mostly 

accumulated at the back of the channels. An interesting finding was that a slight deterioration 

of the catalyst had occurred, but it was not proportionate to the amount of ash in the different 

oil formulations. The amount of ash in the oil affected the pressure drop, as the lower the 

sulphated ash content, the smaller the pressure drop was. it is also noted that the relationship 

between oil consumption and accumulated ash in the filter, follows an almost linear 

relationship. A change in temperature did not affect the metal trapping ratios in the filter, and 

neither did a change in the flow. 

At another study [10], 58 field aged filters were examined. It was observed that filters that 

were subjected to passive regeneration had ash mostly deposited as a thin layer along the 

wall, in contrast to the ones that experienced active regeneration and had the ash mostly 

accumulating at the plugs. It was also noted that when the filters had gone through more 

frequent regenerations, the ash tended to form bridges, and permanently sinter with the wash 

coat interface. This resulted in the reduction of area available for catalysis. 

By comparing oil consumption, regeneration, gas flow and temperature in the filter, Dittler et. 

al. [42] came up with the following results: The ash deposition pattern was mostly affected by 

the physical properties and the size of the ash particles. When temperature in the filter was 

exceeding the sintering temperature of the ash, the agglomerates were increasing in size, 

reaching a size between 20-200 μm. The same trend was followed by the ash density, which 

reached a value even higher than 1 g/cm3, with a starting value between 0,16-0.4 g/cm3. Filters 

subjected to passive regeneration resulted in an inhomogeneous ash layer over the length of 

the channel, whereas the active regeneration gave filters with ash accumulated at the back 

of the filter. These results were compared with results from the field, and one very interesting 

observation was that when the passive regeneration was poor and more soot was left, the 

deposition of ash was similar to the one from the lab, but when the passive regeneration was 

excellent, then the deposition was similar to the one from the active regeneration. Also, the 

packing density increased with increasing inlet velocity during regeneration. Lastly, the 

observations regarding the oil consumption method show that the ash particle size occurring 

from the combustion of doped fuel is in the submicron range, while the particles occurring 

from oil consumption in the piston rings, form agglomerates. The submicron particles can 

adhere to individual soot particles, which means that they can penetrate the filter matrix, 

forming a dense particle layer structure. 

Ishizawa et.al. [34], gathered three filters from high mileage fleet vehicles, that have been 

actively regenerated, and noticed that the ash particle size was large, which contributed to 

high permeability. Also, the ash was mostly accumulated at the plug of the channels, but the 

ash filled length differed between the samples and was not correlated to their mileage. The 

ash density was found inversely proportional to the filled length, which was hypothesized that 

it was affected by the oil additives and the driving pattern. By examining the effect of 

temperature on the ash’s particle size, they found that as the temperature was increasing, 

the particle size was also increasing, and then agglomerates started forming. The comparison 

between active and passive regeneration methods showed differences among the deposition 

profile, the permeability and the particle size; in the case of active regeneration, the ash 

deposited mostly at the end of the channel, was more clustered, had bigger particle size, and 

was more permeable. In Figure 14 the differences in ash deposition are illustrated. The 
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differences encountered for these two methods can be explained by the temperature and the 

amount of PM present before regeneration. For passive regeneration, the small amount of 

PM and the low temperature, lead to smaller particle size, which is easier to adhere to the 

channel wall due to Van der Waals forces. When smaller amount of PM (soot and ash) was 

present, it tended to break into smaller pieces and created smaller ash particles, whereas 

when there was more PM gathered, the ash formed clusters, i.e. smaller amount of PM broke 

into pieces when burned, whereas larger amount burned and formed one cluster. In addition, 

when a site is heavily loaded with PM, the formed ash tends to form away from that site, as 

the PM comes off the filter wall and moves along the surface while burning. The opposite 

occurs for lower PM loading.  

 

Figure 14: Ash accumulated in the flow passages of DPFs with a passive and an active regeneration system [34] 

 

In a study of 10 field aged DPFs from trucks with different engine types, the changes that ash 

undergoes when exposed to high temperature, were analysed. It was found that ash 

undergoes microstructural and compositional changes, which differ, depending on its 

compounds. Ash with different composition will behave differently at high temperature, as the 

different compounds have different sintering temperature. For two samples heated up to 

1200oC, ash sintered inwards resulting in fragments and flakes (when it was rich in Calcium 

and Zinc compounds), and the volume reduction was uniform, with no fragments (when the 

ash contained mostly Calcium). Overall, sintering leads to lower permeability and porosity, 

which increases the back pressure. Sulphates, phosphates, pyrophosphates and oxides of 

Ca and Zn primarily, appear to have affinity for each other and seem to exist in clusters 

throughout the sample. Atomic diffusion and lattice rearrangement during the evolution of 

equilibrium crystal structures is the main reason behind this observation. Also, high 

temperature transients encountered by the ash layer could result in bridging of ash species 

or sintering to the wash coat interface. By cooling down from 1200oC, it was observed that 

the phase changes remained irreversible [35]. 

It has also been noted that ash particles from Calcium based oil are smaller compared to 

those from Magnesium based oil, while the ones from Zinc based oil exhibit an extremely 

branched structure [46]. 

The important findings of the studies without acceleration methods can be summarised in the 

following points: 
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• Ash mainly accumulates at the plug of the filter in the case of active regeneration and 

at the wall for passive regeneration [10, 29, 34, 42,] 

• The oil composition affects the morphological characteristics of the particles, which 

sequentially affect the ash density and distribution, resulting in differences in the 

pressure drop [29, 45] 

• Increase in temperature, increases the ash particle size and encourages the formation 

of agglomerates. Irreversible microstructural and compositional changes take place at 

elevated temperatures, which affect other properties, like density. [34, 35, 42,] 

• Fuel doping resulted in submicron ash particles that could adhere to individual soot 

particles, while oil consumption over the piston rings, resulted in ash agglomerates 

that were embedded in the soot layer. [42] 

 

2.4.2 Accelerated ash accumulating methods 

In a study where a diesel engine was used along with an additional oil mist being injected in 

the combustion chamber, the ash layer thickness was observed to increase towards the back 

of the filter, whereas for the non-accelerated test, the ash layer thickness was more uniform. 

More ash was deposited at the rear end of the filter for both tests. [47] 

Another study using a diesel engine and an oil injector close to the intake valves, found that 
the ash layer thickness was slightly increased at the back of the filter. By testing different oil 
compositions, they also found that the amount of ash collected on the filter increases as an 
almost linear function of oil consumption. This phenomenon was observed even when the oil 
was partly added by injection. This indicates that the oil injection method did not modify the 
mechanism of deposit accumulation on the filter. The effect of the detergent elements 
(Calcium-based) in the oil was more evident than the one from the anti-wear elements 
(ZnDTP). This is illustrated in Figure 15. [43] 
 

 

Figure 15: Effect of the detergent and anti-wear elements in the ash [43] 

In a study where the filter was filled with ash produced by the controlled pyrolysis of oil-fuel 

solutions, the authors found that the produced ash particles were more spherical than the 
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ones produced from an engine, as well as slightly smaller (1.3μm, 2μm respectively). This 

could be attributed to the elevated temperature cycles that the engine-produced ones must 

have undergone, causing repeating sintering. The values for porosity, packing density and 

cake permeability from the accelerated test are reported in the table in Figure 16, for two 

different substrate material (material A was more permeable than material B). Comparison of 

the morphological and compositional properties of the ash particles from the accelerated 

method with ash particles obtained from the field, showed that their values were very close. 

This observation is really important, as these values are affecting the pressure drop in the 

filter. [31] 

 
 

a. b. 
 

Figure 16: a) Pressure drop for samples A and B, b) Ash deposit properties (porosity, packing density, cake permeability) 

[31] 

In another study, five DPFs with different combinations of substrate material and washcoat 

were examined in accelerated tests, in terms of backpressure increase. The ash was inserted 

via the fuel which was doped with oil, and the filters were actively regenerated. The authors 

found that the permeability of ash was affected by the surface of the filter wall; the ash was 

more permeable when the filter surface was needle like. The ash layer was thicker at the end 

of the channel for all the filters, and the morphology of the ash particles and agglomerates 

was similar for all the filters as well. Also the ash particles and agglomerates were larger than 

the filters’ pores. When the surface of the filter had acicular protrusions, the ash was evenly 

distributed along the wall. For the case of one filter, using mullite as a substrate, it was found 

that the presence of a catalyst did not affect the deposition of the ash. [48] 

Eilts and Sonntag, using ash from an engine, a burner as well as injecting oil into the inlet 

manifold, observed that the ash’s permeability differs based on the way it is generated. The 

methods are listed in ascending order for the permeability value: fuel doping, 1.7% ash 

content oil, 2.8% ash content oil, oil injection in inlet manifold, ash generation with a yellow 

burner (diffusion flame), ash generation with a blue burner (premixed flame). The yellow 

burner created an ash layer with thickness between 0.18-0.32 mm, while for the blue burner 

the values were 0.23-0.52 mm, For every case examined, the ash layer was increasing its 

thickness in a linear function of the filter’s length. In the case of fuel doping, the ash deposited 

in an interesting way, as there was a gap between the ash and the filter wall. This method 

resulted in a different ash morphology as well, creating a unstructured layer of 100μm on the 
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wall, which shows that the ash was developed in a layer like structure in the filter. The rest of 

the methods gave similar morphology between them. The ash layer thickness from fuel doped 

ash, had a smaller minimum value than the rest of the other methods. [49] 

The next findings (references: 9, 22, 27, 32, 36, 38, 39, 40, 50-54) from Sappok’s group in 

MIT, used the same acceleration technique as Ellis and Sonntag. , The main findings from 

these studies are described below.  

In their studies the authors have found that the ash particles generated from the accelerated 

system were 8 nm smaller than the particles from the engine (25-27 nm), whereas the 

particles generated from a burner were similar to the ones from the engine. Particles from the 

field and the tests were spherical in both cases, but the agglomerates from the engine had a 

chain like structure, whereas the others were more clustered. The deposition of the ash in 

the filter was affected by the orientation of the oil and fuel injectors [50]. The deposition of the 

ash is also affected by transport phenomena in the channel, which are affected by the particle 

size [52]. Due to the nature of the transportation of the ash to the end of the channel, plug 

ash is characterised by many void spaces [25, 27], whereas wall ash exhibits higher density 

[9, 22]. For a smaller ash load, the ash is mostly distributed along the walls, which encourages 

the hypothesis that ash is transferred to the back of the filter after being exposed to high 

velocities [9].  

Oil additives seem to influence the ash properties in many ways, for example larger particles 

were formed for the case of low sulphated ash [39]. When the oil was zinc based, the ash 

had the highest permeability which justifies the small influence on the pressure drop. Ca-

based oil had a higher density ash, which resulted in increased pressure drop. While the 

distribution in the ash layer thickness was similar for different oil compositions, the 

morphology had some differences, with the Zinc based oil creating clumps along the wall. 

[32, 53] Packing density was higher at the walls than at the plug, which could be explained 

by the fact that the wall experiences higher velocities [22, 32, 51, 53]. The sintering behaviour 

also differed, with the zinc-based oil ash to have the tendency to sinter into small fragmented 

pieces, while Ca base ash was sintering uniformly away from the walls. The commercial CJ-

4 oil showed a combination of both behaviours. [54] 

On the effect of temperature on the ash properties, it has been observed that increasing 

temperature, increases the density of the ash, especially for temperature above 900°C 

(Figure 17) [36]. Also, the ash undergoes irreversible microstructural and compositional 

changes, especially above 1000°C [27, 36, 54]. When the ash is bulky, it tends to sinter 

inwards and away from the wall [54].  
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Figure 17: Estimated ash density change as a function of temperature computed from measured weight and volume 
change [36] 

 

The particle size is strongly affected by the temperature, as with increasing temperature it 

increases, reaching even a 279% increase [27]. The combination of high regeneration 

temperature and a large amount of soot during regeneration (active regeneration) results in 

bigger primary particles (1-2 μm), than the ones (100-200 nm) occurring from lower 

temperatures and lower soot amount (passive regeneration). Smaller particles adhere to the 

wall more easily than bigger agglomerates. [39] 

Transient changes in the flow did not affect neither the packing density, nor the ash deposition 

pattern, even if they reached unnaturally high velocities [54], but high velocity is responsible 

for transporting the particles in the channel [40]. Even in no flow conditions, soot oxidation 

can pull away the ash from the wall, and depending on the particle size, ash can be re-

entrained in the flow [38]. The detachment of larger ash particles begins at 42000 hr-1 [40]. 

Most of the ash particle transport takes place during regeneration. The amount of soot 

present before the regeneration determines the susceptibility of both to shear and re-entrain 

[38]. The same effect can happen during the sintering of the ash, which could provide an 

explanation for the higher amount of plug ash in the case of active regeneration [54]. The 

passively regenerated filter displayed greater increase in pressure drop, indicating that plug 

ash is more preferable [36]. 

In examining different oil introduction methods, the authors noticed, that fuel doping resulted 

in an even ash distribution along the walls, and agglomerate size that matched the size of 

typical engine out particles. The oil injection method resulted in stickier ash. [50] 

 

The important findings of the studies using acceleration methods can be summarised in the 

following points: 

• The ash density values were found between 0.2-0.4 g/cm3 [31, 36, 37, 51], being 

higher at the wall than at the plug [9, 22, 53] 
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• The ash layer thickness is linearly increasing along the filter’s length [48, 49] 

• The accelerated ash particles were smaller than the ones from field ash [31, 50], and 

more spherical than the engine generated ones [31] 

• The higher amount of ash accumulates at the back of the filter [9, 43, 47], with the 

only exception being a filter with low ash load. 

• Ash agglomerates are more clustered than the chain like agglomerates generated 

from an engine [50] 

• The additive detergents have more effect on the ash load than the anti-wear ones. 

• The particle size was bigger for lower sulphated oil. [39, 55] 

• Ash from Zn or Mg based oil is more permeable than ash from Ca based oil, while 

the least permeable is ash from the commercial CJ-4 oil. Ca based ash was also the 

denser. [22, 32, 53] 

• Zinc based oil ash created clumps along the wall, whereas Ca based created thin, 

dense layers from sticky ash, that were easy to peel off. [53]  

• During sintering, Zinc based ash experienced large volume reduction and created 

fragmented pieces, whereas Ca based ash sintered uniformly away from the walls. 

The commercial CJ-4 oil displayed a combination of both behaviours. [54] 

• Temperature increase increases the density of the already formed ash, and cause 

irreversible microstructural and compositional changes, especially above 1000°C. 

Particle size also increase, and in one case a 279% increase has been observed. 

[27, 36, 39, 45, 54] 

• The effect of regeneration method actually describes the combined effect of 

temperature and amount of soot present before regeneration. Lower temperature 

and amount of soot result in smaller ash particles, which are easier to stick to the 

wall. The opposite happens for the case of active regeneration. [32, 34, 36, 38, 39,  

54] 

• Transient flow changes did not seem to affect neither the packing density, nor the 

deposition pattern of the ash in the channel. [54] High velocities in the channel do 

affect the transportation of particles inside the filter [40], but even in no flow  

conditions the ash can be pulled away from the wall due to soot oxidation. Whether 

or not the particles can be re-entrained in the flow is summarized in the table in 

Table 3 [42]. Particle size seems to be the dominant mechanism of ash transport, 

given the velocities in the filter. [38] 

• The oil consumption mechanism in the engine most likely controls the size and 

morphology of the engine out ash [38]. Fuel doping results in ash with distinct 

differences from the field ash. Very high density, unique ash distribution, and very 

small particle size. The other accelerating methods, like injection of the oil in the inlet 

manifold, use of high sulfated oil and injection of oil mist in the flame of a burner, 

result in ash with properties close to the real ones. [49, 50, 53] 

 



26 
 

Table 3: Possibility for re-entrainment in the flow for different ash particle sizes [42] 

 

 

2.5 Accelerating ash accumulation rigs 

 

The problem of accelerating the ash accumulation in a filter, has been tackled before. In this 

section, the configurations that other researchers designed, are presented.  

The rig designed by the NGK ceramic’s group [56] uses a simple design to load artificial ash 

in the filter. It comprises of a natural gas burner and a particle feeder (Figure 18). The authors 

do not comment on how the burner was use, so the assumption is that it was used for gas 

flow and maybe temperature regulation. They tried to simulate real ash deposition patterns 

by using artificial CaCO3 powder. The particles’ size and polygonal shape were chosen in 

order to resemble the real ash’s particle size distribution, and to be closer to a particle shape 

that has undergone some regeneration cycles; instead of being perfectly round.  

 

Figure 18: NGK ceramics group accelerating artificial ash accumulation testing rig [56] 

With this configuration it was possible to control the ash loading rate and the deposition 

pattern of the ash in the filter. The authors simulated passive and active regeneration by 

depositing the ash only at the wall and mostly in the plug with limited wall ash, respectively. 

For the case of active regeneration, the authors used carbon black as soot. The two cases 

are illustrated in Figure 19. In Figure 20 a picture elucidating the ash distribution they 

achieved for the passive regeneration case, is presented. 
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Figure 19: Top (pictures a,b). Passive regeneration model. Bottom (pictures a,b, c, d). Active regeneration model [56] 

 

 

Figure 20: Ash distribution for the case of the continuous regeneration model [56] 

 

Konstandopoulos’ team [31, 57] also designed a simple configuration (Figure 21), that could 

also test compositional and morphological characteristics of the ash particles. The main 

components are the six temperature-controlled zones, a filter holder at the end of the reactor 

tube and a spray generator. A mixture of diesel fuel and engine oil is sprayed in the reactor 

and the ash is produced by the controlled pyrolysis of this solution. The droplets go through 

the heating zones where they evaporate and are guided to the filter with the carrier gas. The 

ash particles form as the droplets pass through the heating zones.  
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Figure 21: Konstandopoulos' team test rig [57] 

Using this test rig, the authors could control the filtration and deposition velocities, by 

operating the spray generator at different carrier gas flows, the size and shape of the 

particles, by controlling the  size of the initial droplets, the chemistry and concentration of the 

spray solution and the temperature and residence time profile in the reactor, and the 

chemistry and composition of the solution. 

This rig is very efficient in testing different filter materials, as the filter mounted on the holder 

does not need to be a full sized one. But it can also be used to test compositional ash 

characteristics, pressure drop, ash particle characteristics, as well as depositional 

characteristics, in a very short time.   

However, some differences in particle morphology, and also some compositional differences 

occur. Additionally, it unclear if the rig could simulate different engine driving conditions. 

Moreover, as the effect of soot is removed, the depositional pattern of the ash might be 

different compared to reality. Lastly, not all the elements present in the engine are there, 

since the fuel-oil blend used does not contain them,  and some of them it has been indicated 

that affect morphology and deposition. 

The DEFA (Diesel Exhaust Filtration Analysis) system, developed by the Engine Research 

Center (ERC) of the University of Wisconsin – Madison, was used for testing filter wafers 

[58, 59]. Ash was generated in a diesel engine, and the exhaust gas was led through the filter 

wafer. The acceleration of the accumulation is attributed to the size of the filter, and not on 

the introduction of additional ash. The filter is enclosed in an oven whose temperature can 

be regulated (Figure 22). 

 

Figure 22: The DEFA system [58] 
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The regeneration of the wafers was done ex situ, after they have been loaded with PM, to 

allow for the visualization of the ash deposition process. The geometry of the wafers can be 

seen in  

Figure 23. The authors could vary the gas flow through the filter, by using a PID controller, 

the amount of PM loaded, the PM particle size, by operating the engine with different 

conditions, and the regeneration temperature. 

 

 

Size  
(mm x mm) 

39 x 31.5 

Thickness (mm) 0.9398 

 

Figure 23: Geometry of filter wafers used in the DEFA system [6] 

 

The rig designed by the collaboration of the University of Tennessee and the Oak Ridge 

National Laboratory [48], consisted of a single cylinder engine, an electric induction motor, to 

drive the engine, a micropump, for the addition of extra fuel, and a heating element, to control 

the temperature of the additional fuel (Figure 24). The acceleration of the ash accumulation 

was achieved by doping the fuel with additional oil, and also by operating the engine at high 

load. 

 

Figure 24: Rig configuration from the collaboration of the University of Tennessee and the Oak Ridge National Laboratory 
[48] 

The regeneration of the filter was performed both actively and passively, by the injection of 

the extra fuel, which raised the temperature of the exhaust gases, and by using a DOC 

preceding the DPF, respectively. The authors were able to control the amount of PM present 

before regeneration, as well as the regeneration temperature, the fuel injection rate, and the 

exhaust gas temperature. 

Manni’s group designed an engine-based rig, using an oil injector to accelerate the ash 

loading in the filter [43]. The oil injector was placed counterflow of the engine’s intake air, in 

order to achieve a more uniform distribution in the cylinders (Figure 25). The filter was being 

continuously regenerated, when the engine was operated at high and medium load, and it 
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was slightly undersized to the engine. When the engine was run on low load, the conditions 

did not favour passive regeneration, and active regeneration was used. 

 

Figure 25: Manni's rig configuration [43] 

The oil injector was placed close to the intake valves, to simulate higher leakage through 

valve seals and turbo-compressor seals. The oil circuit comprised of an oil tank, using a 

loading cell to measure oil consumption, a feeding pump, a flow control valve, and a heater 

system aiming at increasing the temperature to provide better oil atomisation. The authors 

could control the duration and frequency of the oil injections. 

 

Figure 26: Volvo, Matthey and Lubrizol's rig configuration [47] 
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In Figure 26 the system used by a collaboration between Volvo, Lubrizol and Johnson 

Matthey [47], is presented. The acceleration of ash loading is similar to Manni’s rig, but this 

time the oil injector is mounted into the intake system after the intercooler and in the direction 

of flow with the intake air. The injector was a 2-stroke air assisted injector, shown in Figure 

27.  

 

 

Figure 27: Fuel injector [47] 

 

The authors could control the oil feed rate, the temperature of the exhaust gas, and the 

amount of soot in the filter before regeneration. The regeneration was active, and it was 

enabled by running the engine at a certain speed and load for a certain amount of time. 

The acceleration of ash loading via oil injection was chosen taking into consideration the 

natural oil consumption mechanisms in the engine. Oil is either consumed as vapor losses 

from the combustion chamber or liquid losses through the top ring and then scattered 

throughout the cylinder. In both cases the oil ends up in the combustion chamber as droplets. 

Alexander Sappok’s rig design [50] consisted of a diesel engine, a burner, a thermal reactor, 

a heat exchanger, and an aftertreatment system including a DOC, a DPF and an SCR (Figure 

28). The acceleration system consisted of several parts, as different ash production methods 

were tested. The rig could generate ash by using doped fuel, injecting oil in the burner’s flame 

via an air assisted injector, producing volatile lubricant products in the thermal reactor, and 

by injecting liquid oil in the exhaust via a second injector. This rig was used in many research 

projects, so all the three major natural oil consumption mechanisms (namely: combustion in 

the power cylinder, and liquid and volatile losses) was desired to be simulated. 
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Figure 28: Alexander Sappok’s testing rig [50] 

 

The authors could regulate the oil consumption mechanism, the flow rate of the volatile 

lubricant compounds, the exhaust temperature, by using the heat exchanger which allowed 

control independently from the burner, the exhaust composition, the oil flow to the injector, 

by controlling a pump, and the exhaust flow rate in the DPF, by mounting a blower 

downstream of the filter. The soot to ash ratio was regulated by the engine. The burner and 

engine exhaust streams were mixed using a valve.  

Controlling the exhaust gas temperature with the heat exchanger, the regeneration cycle 

could also be controlled. 

Cambustion’s rig, i.e the rig developed and sold commercially by Cambustion [13, 60],  is 

using only a burner for the production of soot and ash. Since there is no natural oil 

consumption, the ash can be introduced either by burning doped fuel, or by injecting oil in a 

different location of the rig outside of the combustion chamber. The rig is illustrated in Figure 

29. 
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Figure 29: Cambustion rig [13, 60] 

 

The soot production rate can be alternated by regulating the amount of primary air introduced 

in the system, while the filter temperature is regulated by the tertiary air flow system. The soot 

loading rate is regulated by the gas flow through the filter, which is defined by a blower 

following the DPF. 

The regeneration in the filter is periodic, since the NO/NO2 production is very low. To solve 

these problems, the designers suggest using a NOx introduction system that can be 

connected to the rig. The same can be done for an oxygen system.  

Different size filters, canned or uncanned, can be mounted on the rig, using the filter mounting 

device illustrated in Figure 30. 

 

 

Figure 30: Filter housing [60] 

 

Fabian Sonntag from IAV Automotive engineering, and Peter Eilts from the Technical 

University of Braunschweig, designed an engine and burner-based testing rig to investigate 

ash characteristics [49, 55]. The rig is presented in Figure 31 and it consists of a 4 cylinder 

diesel engine, a DOC and a DPF, and depending on the ash production method tested, a 

burner and an atomiser is added. Two different types of burners were used, a yellow burner 

and a blue burner (premixed flame-no soot production). The burner’s geometry is shown in 

Figure 32. The second filter was placed to capture any possible PM particles that escaped 

the first filter. 
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Figure 31: Eilts and Sonntag's rig configuration [49] 

 

 

Figure 32: Burner's geometry [49] 

 

The authors examined different ash production methods, and studied the effects on the ash 

properties. This led to a more complicated rig design since many parameters were needed 

to be altered. The authors could control the oil mass flow, the droplet size injected in the 

burner’s flame, and the exhaust gas flow and temperature. The filter was continuously 

regenerated. 

 

2.6 Inferences drawn from the literature data  

2.6.1 Ash accelerating methods 

Different techniques to accelerate the ash accumulation in the filter have been examined by 

researchers. Those are: 

• Use of high sulphated oil 

• Injection of oil mist in a burner 

• Injection of oil mist in the inlet manifold of the engine 
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• Doping the fuel with oil 

• Artificial or field ash particle feeding 

 

The fuel doping method is usually rejected as it gives unrealistic results. Ash generated by 

fuel doping tends to have very high density and very different morphology than engine ash. 

The reason for this is that the lubricant is introduced in a different part of the combustion 

process, than it normally would, which means that it is being burnt in the diffusion part of the 

flame, rather than the air rich regions. Also, the micelles within the lubricant are disturbed, 

forming sludges of metallic components that might not burn normally. 

Ash produced from oil mist injection either in a burner or an engine, and use of high sulphated 

oil, does not significantly differ from field ash, compositionally or in the way it deposits. For 

the case of oil injection in a burner or in the inlet manifold of the engine, the difficulty falls on 

the realization of the idea. Extra components must be added to ensure control of certain 

parameters. Also, before deciding upon the final configuration, every detail should be taken 

into account. For example, the orientation of oil injectors affects the amount of ash that will 

be deposited on the combustion chamber’s wall, while the diameter of the injection nostril 

affects the size of the ash particles. 

A different approach to the loading of the filter, where instead of letting the ash form in the 

filter, is to produce the ash ex situ and then deposit it in the filter. In this case, artificial ash 

can be used, or real ash can be gathered from filters aged in the field and be introduced to 

the filter using a particle feeder. This method permits the control of the ash deposition by 

altering the flow conditions. Even though it sounds far from reality, with careful considerations 

this technique can provide quick and reliable results. 

Modifying an engine to increase oil consumption could also be a way to introduce more ash 

to the filter, but this method, even though close to reality, does not provide any control over 

the oil consumption rate. 

Unfortunately, the acceleration factor will always put the experiments a step away from 

reality, as the ash to soot ratio in the gas entering the filter, will always be higher than it is in 

reality. 

 

2.6.2 Important parameters  

The parameters that the user of the test rig must be able to control, are those that affect the 

ash properties. These have been discussed in chapters 2.4.1 and 2.4.2, and have been found 

to be the temperature of the exhaust gas and the regeneration temperature, the oil 

formulations, the acceleration method, the velocity of the gas entering the filter, and the 

amount of soot present before regeneration. 

The ash properties that are affected, and sequentially pose a studying interest, are the 

packing density, the permeability, the porosity, the ash layer deposit thickness, the ash 

location and distribution, and the amount of soot that can be layered on the ash. 

Controlling all the above parameters is not always necessary, and it depends on the 

objectives of the researcher’s work. For example, if the aim of the project is understanding 
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the underlying fundamental mechanisms of ash formation, then all the above factors should 

be regulated. But if the purpose of the study is to measure back pressure increase, or filter 

capacity, then the option of using artificial ash, becomes available. Therefore, the research 

target becomes another important element to take into account when designing a testing rig. 

 

2.6.3 Rig components 

Based on the literature study and the work of other authors, the main components for a test 

rig in which the ash is produced, is concluded to be the engine, the burner or a combination 

of both. Although there is also the option for small scale filter testing, and ash feeding in the 

filter, which will be analysed in the next subchapter. Deciding to include or exclude certain 

components in the final design comes with a set of advantages and disadvantages. 

The use of an engine provides many advantages. First of all, the exhaust gas composition is 

very realistic, as well as the particle morphology. Exhaust gas flow and temperature, as well 

as soot rate become very easy to control, by operating the engine at different load and speed 

conditions. However, using an engine is accompanied by high maintenance, high operational 

cost, and fuel storage space. The accelerating ash accumulation methods that can be used 

with an engine, are the injection of oil in the inlet manifold, and fuel doping, both of them 

previously described.  

Employing a burner lessens the space and maintenance requirement, also consumes less 

fuel. In addition, setting up a burner is less complicated. However, it provides less flexibility 

in controlling different parameters. Temperature in a burner is mostly affected by what is 

being burned, while the flow of the gases is determined by geometrical characteristics. Thus, 

additional components will need to be used. For instance, the temperature of the gas entering 

the filter can be controlled by a heat exchanger placed before the filter, or the flow of the 

gases can be controlled by a blower. Another issue is that the burner does not provide enough 

NOx in order for passive regeneration to take place. An external NOx supply system must be 

added to the configuration. The conditions for soot formation must also be taken into account. 

The burner supports the injection of oil in the burner’s flame, or outside the combustion 

chamber, and fuel doping. 

Combining an engine with a burner, combines the advantages and disadvantages of both the 

components. It allows the simulation of different ash production methods, provides a more 

realistic exhaust composition, and facilitates the control of different parameters without 

adding all the extra components mentioned before.  

 

2.6.4 Small scale filter testing 

The filter is irrefutably a part of the rig. Since the diameter of the filter does not affect the ash 

properties, smaller filters can be used. If the deposition of the ash along the length of the filter 

is not to be studied, then shorter filters can be used as well. Shorter filters or even filter wafers 

will take less time to fill and will be easier to handle. In addition, a wafer removes all the 

pressure drop parameters mentioned in Equation 6, leaving only the contribution of the ash 

to be calculated. Smaller size filters can be used for testing substrate materials, catalyst 
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behaviours, ash compositional characteristics; they can provide visual observation of the ash 

development, but they cannot represent the flow gradient inside the channels easily. 
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3. DESIGN PROPOSITION 

3.1 Real system conditions 

When designing experimental equipment, it is important to be aware of how the real-life 

phenomena taking place, look like. An effort has been made to gather as much as possible 

information about the conditions in a real system, and the results are presented below (Table 

4). It is not necessary to use these values exactly, and unfortunately some could not be 

obtained, as their definition relies on experimental data due to many variations. However, it 

is beneficial to have some indicative values, which will give some initial idea about the 

requirements of the testing system.  

For Scania systems, it was noted that the flow range at the inlet of the filter is between 100-

800 l/s, and the maximum mass flow is approximately 2100 kg/h. [63] It is important to keep 

in mind, that the density of the gases needed to make the conversions is dependent on the 

temperature, hence the previous conversion will not be totally accurate. 

A normal soot load before regeneration is 5-10 g/l [63, 64]. 

The most common filter size is 19.5 L, with a diameter of 12 in (30.48 cm) and a length of 

10.5 in (25.4 cm). This can be helpful when modelling gas flows in the channels. 

 

Table 4: Indicative real system conditions 

Flow range at the inlet of the filter 100-800 l/s 

Maximum mass flow 2100 kg/h 

Normal soot load before regeneration 5-10 g/l 

Most common filter size 19.5 l 

Most common filter dimensions 30.48 * 25.4 cm (Diameter * Length) 

 

 

3.2 Rig design 

Three designs were proposed with the main concept of each one being listed below: 

i. engine based rig using high sulfated oil to introduce the ash forming matter, 

ii. engine based rig using injection of oil in the inlet manifold of the engine, and 

iii. burner based rig using oil injection in the flame. 

 

These three proposals were made based on the literature study summarized in chapter 2. In 

chapter 2, literature concerning ash formation and properties was examined, and also 
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literature concerning other researchers’ work on the same topic. The apparatus that other 

researchers used was listed and their results were studied in order to determine which 

methods seemed to work and which not. A summary of all these findings is done in section 

2.6. Based on these findings, these three proposals were made, with the criterion of which 

method seems more promising to give results representative of reality. 

The use of an engine was rejected, because as mentioned in 2.6.3, it would require high 

maintenance and operational cost, and a bigger fuel storage space than a burner. 

Therefore, option number iii was deemed more suitable. 

 

Development of the idea/Choice of components 

As explained above, the decision was made to proceed with a burner-based rig. The rest of 

the components were chosen by developing the rig from a simple to a more complicated 

form. Since the most appropriate way to accelerate ash accumulation is not defined, the 

overall idea for this rig is to be composed of different parts that will be able to change positions 

easily. The different parts will be the building blocks that will give the possibility to the rig to 

be used in different research projects. The rig must accommodate different research goals, 

meaning that it should be customisable and flexible.  

First it was determined what would the simplest method of acceleration be and which 

components are needed for that, and then, based on which parameters that are important to 

control, the corresponding equipment was added. In the following paragraphs, this thought 

process is presented. 

The simplest design of a rig would comprise of a particle feeder, a filter and a blower. The 

function of this rig would be restricted to only filling the filter with premade ash. However, 

alternating the flow of the gases and the stickiness and geometry of the particles, different 

deposition patterns can be achieved. With a rig like this, and assuming a porosity matching 

the one of real ash, values for the pressure drop can be obtained. Also, methods for cleaning 

the filter can be tested. 

To be able to examine the mechanisms of ash formation, ash has to be synthetised in the 

rig. The chosen method for ash forming matter introduction is by injecting oil droplets in the 

burner’s flame, and/or by injecting oil droplets into the gas flow before the filter. This method 

was chosen based on the information from the literature, where it was presented to give 

realistic ash morphology and properties of the ash. However, it should be noted that the data 

referring to the fuel doping method, is obtained from the fuel doping of the engine’s fuel. 

There is not so much information on the ash properties resulting from using doped fuel in a 

burner, and it is possible that when doped fuel is used in the engine it will give different results 

than when it is combusted in the burner. Thus, doping the fuel and burning it in the burner, 

could also be an option but there is no data to either support it or reject it, currently. With this 

rig the different methods for ash forming matter in the system, can be examined, in order to 

decide which is the optimal one, giving faster but also more realistic results.  

Another factor affecting the ash deposition and morphology is the temperature in the 

combustion chamber, as well as the regeneration temperature. It has been observed that ash 

exposed to many regeneration cycles has different morphology and this is attributed to the 
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exposure to high temperature values. To control the temperature in the combustion chamber, 

the use of preheated combustion air is the chosen method. For the exhaust gas temperature 

control, external heaters can be used. 

Lastly, flexibility to control the flow of the gases entering the filter is desired. The principle is 

to use a blower to guide the air through the filter. Placing the blower after the filter was decided 

so that the burner’s function is not influenced, and the backpressure drop is compensated. 

Taking into account all these considerations, it was decided that the best option would be to 

incorporate the burner rig and the particle feeder rig into one configuration. This way, the 

benefits from both configurations would be obtained. Below, in Figure 33 and Figure 34, the 

schematic diagrams for the two suggested rigs can be seen. 

 

 

Figure 33: Burner rig configuration schematic diagram, including measurement points 

 

 

 

Figure 34: Particle feeder rig configuration schematic diagram 
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When using the particle feeder, the burner is not in use, and the ash introduction is only 

happening through the feeder. All the components related to the fuel and the oil are not 

needed, as the ash will be premade. It is important to make clear, that the idea is to use the 

common components from the previous configuration and not build two separate rigs. This 

way, the user has the ability to test many different parameters, but also convert to a very 

simple design.  

 

3.3 Setting the choice criteria for the components 

In this section, the criteria for setting the specifications for each component, are being 

discussed. The initial goal was to size the components and set all the specifications needed. 

Different approaches were taken to accomplish this goal, but they mostly led to a dead end. 

Firstly, an extensive market search was done, and numerous companies were contacted 

regarding information on various components, along with some advice. It was clear that there 

was not so much interest in sharing information in the scope of a thesis work. The second 

approach was to study the literature to find sizing guidelines, or more specific data on the 

function of some components, in order to make useful correlations. For example, the ambition 

was to create a table correlating burner power with fuel consumption, or defining which blower 

type would be the more suitable based on the nature of the gases, etc. It was proven that 

sizing and choice of type for most of the main components was an empirical process, and 

there are no clear guidelines regarding this process.  

However, throughout this searching process it was realized that even if the final specifications 

cannot be set, a methodology in order to obtain them could be developed. In this section the 

methodology to setting the appropriate choice criteria is presented for each component, along 

with all the useful information that was found. 

Burner 

The burner is the most important component, as some of the most influencing parameters 

will be regulated by the burner’s operating conditions. The burner requirements are listed 

below: 

- ability to provide different soot production rates,  

- ability to produce different soot morphologies,  

- ability to burn different types of fuel, 

- ability to control the temperature of the exhaust gases 

- be small and easy to handle, and 

- operate continuously. 

 

The soot production rate is affected by the air/fuel ratio, which points to the use of a diffusion 

flame burner. The soot production rate is a parameter that is set by the trial and error method, 

as there haven’t been found any specific guidelines for it. [66, 67] 

The temperature of the exhaust gases is determined by the fuel nozzle size and the 

temperature of the combustion air [66, 67, 68]. The bigger the nozzle, the more fuel is used, 

the higher the temperature that is reached. Preheating the combustion air is another way of 



42 
 

controlling the temperature of the exhaust gas. Consequently, an air preheater has been 

decided to be used. However, it should be kept in mind that the temperature in the combustion 

chamber will affect the shape of the ash particles produced. According to [68] it was observed 

that higher temperature in the burner, resulted in more spherical ash particles. The desired 

temperature range of the exhaust gases entering the filter is from 200 to 800°C.  

The volumetric flow of the gases can be calculated following a simple method. A known 

amount of fuel is combusted, and an exact amount of flue gases is produced. When the 

oxygen concentration is known, then the exact amount of flue gases can be found. [66] 

By gathering information on the size of the burners used in the research of other authors 

(Table 5), it was inferred that it would be safe to buy a simple burner used for house heating. 

Table 5: Information on burners used by other authors 

Reference Fuel consumption Power 

[49] - 50 kW (max) 

[50] 1.5-7.6 l/h - 

[62] 0-15 l/h - 

[67] 
1.14 l/h 
1.2 kg/h 

11 kW 
14 kW 

 

The size of a burner of that type is estimated to be approximately 100cm*50cm*85cm 

(L*W*H), based on sizes seen in the market .The price range for a burner of that type, was 

found to be between 200-500 €. 

An effort was made to obtain information on the cost of industrial burners, but it was futile. 

However, some suggestions on burners are presented in Table 6.  

Table 6: Suggestions on burners 

Model name Description Power (kW) Price Link 

Weishaupt, W5, 
Dual fuel burner/ 
nozzle mix/ low 

NOx 

Gas and oil-fired 
burners, precise 

generation of heat 
12.5-55 ? 

http://ritmindustry.com/cat
alog/dual-fuel-burners-
other-burners/dual-fuel-
burner-nozzle-mix-low-

nox-2/ 

Oilon Junior 
burners 

Oil burner 17-77 
Requires 

company profile 

https://webshop.oilon.co
m/index.php?main_page
=product_product_info&c
Path=188_189&products

_id=3117 

Lanemark 
FDGA 

Choice of operating 
fuels 

60-2100 
Requires an 

extensive list of 
specifications 

https://www.lanemark.co
m/burners/fdga/ 

Dorosin 50KW 
kerosene/ diesel 

heater 
Diesel fuel 10-100 263 euros 

http://www.dorosingroup.
com/products/15 

 

https://webshop.oilon.com/index.php?main_page
https://webshop.oilon.com/index.php?main_page
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Of interest could also be some burners systems designed by Solfic, which have been 

designed to increase the temperature of exhaust gases in order to regenerate diesel particle 

filters. [69]  

 

Particle feeder 

For the second rig configuration, the most important component is the particle feeder. 

Feed rate can be expressed and controlled in two ways: either by volume or by weight. [70] 

By consulting Mike Wipf from Three-Tec GmbH [71] it was decided that a volumetric feeder 

would be sufficient for the project. 

A particle feeder could also be built in case the ones available in the market are proven to 

not be enough. Many authors have built the particle feeders needed for their investigations 

[72, 73, 74], but more valuable to the project would be the following references: [75, 76] as 

the characteristics of the feeders built are closer to the ones needed.  

Some options for particle feeders available in the market are presented below. The average 

cost varies a lot and it would be very difficult to make an estimation. In Table 7 a few examples 

from the market, are given. 

Table 7: Powder feeder market indicative prices 

Model name Description Price Link 

Koch-Technik, Werner Koch 
Maschinentechnik GmbH 

Height: 43 cm 
Easy handling 

Conveying capacity 
up to 15 kg/h 

Price on 
request 

http://www.directindustry.com/prod/k
och-technik-werner-koch-

maschinentechnik-gmbh/product-
50062-

1289755.html?utm_source=Product
Detail&utm_medium=Web&utm_co
ntent=SimilarProduct&utm_campaig

n=CA 

PFL POWDERFLEX 
DEC GROUP 

Volumetric powder 
feeder 

Price on 
request 

http://www.directindustry.com/prod/
dec-group/product-68500-

1625486.html?utm_source=Product
Detail&utm_medium=Web&utm_co
ntent=SimilarProduct&utm_campaig

n=CA 

DOSER 0.2L - Automated powder 
dispenser 

Large range of 
dosing rates 

1799 € 
https://www.peristalticpump.info/pro

duct-page/doser-0-2l-automated-
powder-dispenser 

SFQ-1 
Customisable size 

Automatic 
operation 

440 € 

https://www.alibaba.com/product-
detail/High-quality-hot-sale-powder-
feeder_60849613610.html?spm=a2
700.7724838.2017203.2.397316ee

KmmOvv&s=p 

PNT-S32 
Customizable size 

Screw feeder 
740 € 

https://www.alibaba.com/product-
detail/Fully-automatic-and-

advanced-powder-
screw_60786179731.html?spm=a2
700.7724838.2017115.11.397316e

eKmmOvv&s=p 

Bf-300g 
Available in many 

sizes 
264 € 

https://sdbafang.en.made-in-
china.com/product/ySVmLzHuhDrq/

China-Good-Quality-300g-Type-
Automatic-Vacuum-Plastic-Particle-

Feeder.html 

 

 

 

http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
http://www.directindustry.com/prod/koch-technik-werner-koch-maschinentechnik-gmbh/product-50062-1289755.html?utm_source=ProductDetail&utm_medium=Web&utm_content=SimilarProduct&utm_campaign=CA
https://www.alibaba.com/product-detail/High-quality-hot-sale-powder-feeder_60849613610.html?spm=a2700.7724838.2017203.2.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/High-quality-hot-sale-powder-feeder_60849613610.html?spm=a2700.7724838.2017203.2.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/High-quality-hot-sale-powder-feeder_60849613610.html?spm=a2700.7724838.2017203.2.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/High-quality-hot-sale-powder-feeder_60849613610.html?spm=a2700.7724838.2017203.2.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/High-quality-hot-sale-powder-feeder_60849613610.html?spm=a2700.7724838.2017203.2.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://www.alibaba.com/product-detail/Fully-automatic-and-advanced-powder-screw_60786179731.html?spm=a2700.7724838.2017115.11.397316eeKmmOvv&s=p
https://sdbafang.en.made-in-china.com/product/ySVmLzHuhDrq/China-Good-Quality-300g-Type-Automatic-Vacuum-Plastic-Particle-Feeder.html
https://sdbafang.en.made-in-china.com/product/ySVmLzHuhDrq/China-Good-Quality-300g-Type-Automatic-Vacuum-Plastic-Particle-Feeder.html
https://sdbafang.en.made-in-china.com/product/ySVmLzHuhDrq/China-Good-Quality-300g-Type-Automatic-Vacuum-Plastic-Particle-Feeder.html
https://sdbafang.en.made-in-china.com/product/ySVmLzHuhDrq/China-Good-Quality-300g-Type-Automatic-Vacuum-Plastic-Particle-Feeder.html
https://sdbafang.en.made-in-china.com/product/ySVmLzHuhDrq/China-Good-Quality-300g-Type-Automatic-Vacuum-Plastic-Particle-Feeder.html
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In Figure 35, the doser 0.2 l is shown, as an example of a simpler particle feeder design. 

 
Figure 35: The doser 0.2 l - Automated powder dispenser 

[https://www.peristalticpump.info/product-page/doser-0-2l-automated-powder-dispenser] 

 

A suggestion from Three-Tec GmbH was made [71], and it is presented in Table 8 below. 

Table 8: Particle feeder offer from Three-Tec GmbH 

Model Picture Comment Price 

ZE 9 FB 

 

Volumetric Flat 
Bottom feeder 
Easy to clean 
Can handle 

sticky particles 

13700 € 

ZD 12 B 

 

Sticky particles 
might pose a 

problem 
8790 € 

 

There is also the possibility of adding a scale and controller to control the feed rate better 

than 1% deviation. Then the price for this would be 9850€ for the continuous feed controller 

plus 3850€ for the scale. The feeder with the additional components can be seen in Figure 

36. 

 

Figure 36: Particle feeder with additional scale and controller 
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One of the most significant parameters for the feeder choice, is its ability to handle sticky 

particles, as the ash tends to be. Also, it would be especially convenient, if some parts could 

be removed to facilitate the cleaning process, in the event of clogging. 

 

 Filter 

The use of a full-size filter in a burner rig, would increase the duration of the experiment, while 

at the same time its contribution would not be so significant; it could be very useful in case it 

would be placed and tested in an actual silencer. Therefore, smaller filter cores should be 

used, as they are easier to handle and faster to fill. The appropriate size range of the filter 

cores should be determined in order to result in realistic flow rates in the channels. [68]  

Unfortunately, the sizing of filters in real life applications is an empirical process and it is not 

correlated to the flow rates inside the channels. However, what was found in the literature 

regarding the sizing of the filters is summarised here, to provide some insight on the filter’s 

size correlation to the engine. 

The guidelines encountered, for heavy duty vehicles, have been: that the trap length to the 

trap diameter ratio, should be equal to 1, and that the trap volume is approximately equal to 

the engine’s displacement. The length to diameter ratios close to 1, have exhibited low axial 

thermal stresses and low pressure drop. The volume and engine displacement is based on 

a study that found that using this rule, a continuous particulate oxidation efficiency of 0.98 

was set. [5, 56, 77, 78] 

Engine power is directly related to exhaust gas flowrate, which is the main parameter that 

affects the filter backpressure. Based on field data, another sizing guideline correlates the 

nominal engine power to the volume of the filter, in the following way (Equation 11):  

𝑉𝑓𝑖𝑙𝑡𝑒𝑟 = 0.2 ∗ 𝑃𝑒𝑛𝑔𝑖𝑛𝑒 − 1.2        (11) 

where, Vfilter is in liters and Pengine in kW. 

Filter sizing depends on the average pressure drop in typical engine operation; a 200 mbar 

threshold is set by engine manufacturers. [5] 

These guidelines could be of value in the case that the flowrates used will be scaled down 

from engine flow rates.  

There is more freedom in changing the diameter of the filter rather than the length. A shorter 

filter will display pressure drop due to the filter resistance because of high filtration velocity 

through the wall. With an increasing DPF length, the filtration velocity will decrease, and the 

filtration pressure will drop. Increasing the D/L ratio, the inlet pressure drop and the channel 

friction pressure drop will be decreased. Overall, in order to obtain a more uniform filtration 

velocity and lower ΔP values, can be obtained in the following manners [79]: 

I. decrease exhaust gas flow rate 

II. increase D/L ratio (under constant inlet flow rate and filter volume) 

III. increase the channel hydraulic diameter 

 



46 
 

The suggested method for finding the appropriate flow rates and then sizing the filter 

accordingly, is to run fluid mechanics simulations.  

As an example of the variation, Figure 37 is elucidating the axial velocities measured in 

different points in the channel, for different soot loadings, using magnetic resonance imaging. 

 

 
  

Figure 37: Axial velocity profiles across the diagonal of the channel, vz, at 5 positions along the filter length for the a) clean (S1), b) 
intermediate loading (S2) and c) heavy loading (S3) DPF samples. Profiles are for the central inlet channel. [80]  

 

There are many models that connect the flow in the filter with the pressure drop, but not so 

many connecting the exhaust flow to the flow pattern in the channel. To ensure the same flow 

pattern for smaller filters, either length or diameter, it is needed to find models connecting 

these values. In the references listed here [81, 82, 83, 84] the authors have developed and 

evaluated models for the simulation of gas flow in the filter. Also, in [85] many models are 

being referenced, that could be used for simulations. 

 Blower 

The main question governing the blower was where it should be placed, i.e. before or after 

the filter. The majority of the authors studied in the literature, chose to place the blower after 

the filter, and use it to pull the gases through the filter, instead of pushing them.  

Unfortunately, no further information regarding this choice could be found.  

It has been suggested [86] that most flow bench duties require much more negative pressure 

compared to positive airflow, which means that placing the blower after the filter would not 

be illogical. However, since many phenomena will be taking place, such as heat transfer 

phenomena between different gas streams, it is highly advised to proceed with the sizing of 

the blower after performing suitable simulations. 

Fuel 

The most important parameter for the type of fuel that will be used, is to produce the same 

exhaust composition as a Scania engine. During the acceleration test, the amount of ash 

forming matter in the exhaust gas will be substantially more than in reality. Thus, it is 

important to keep the rest of the composition similar to reality.  
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Valves   

As can be seen in Figure 33, the use of valves is being suggested. Valves provide additional 

control to the system and give the freedom to alter the flow conditions without changing the 

operational conditions of the components. 

Injector 

Based on the findings from the literature, it is not clear which ash forming matter introduction 

position would be optimal, thus three injectors are to be used. Two of the injectors will be 

injecting oil mist in the combustion chamber, while one will be placed before the inlet of the 

filter. 

The oil injector nozzle size/shape/geometry is a fairly sensitive design parameter, as it will 

affect the morphology of the ash particles. In addition, the size of the nozzle will also affect 

the frequency that it will clog; the smaller the nozzle, the more sensitive it is to deposits [66]. 

Each nozzle will have a finite lifetime, and regular cleaning and replacement will be important. 

[68] This means that the injector should be positioned in an accessible point, so that it can 

be cleaned/replaced. The placement angle and diameter also affect the ash particle 

morphology as well as the entrainment of the particles in the gas flow. 

The cost range for injectors found in the market, was in the range between 120 – 270 €. 

Soot combustion (filter regeneration) 

Filter regeneration can be achieved either by increasing the gas temperature with the heat 

exchanger, or by heating the filter. If the filter cores allow for the use of a small furnace, then 

the filter can be placed in one, and its temperature can be controlled. In order to have good 

results, an even temperature pattern should be achieved. 

Heat exchanger 

A heat exchanger can either heat or cool the exhaust gases entering the filter. Soot particles 

are expected to be deposited on the walls of the heat exchanger, but it is not anticipated to 

pose a problem. To protect soot with certain properties from being blended with  re-entrained 

soot with different properties, the rig can be run for some time only with the blower operating, 

for the looser particles to be removed. 

 Gas mixing  

Mixing of different gas streams can be hard even for turbulent flows and well-designed 

injection methods. If the streams have approximately equal flow rates and pressures, and 

turbulent flow, the mixing becomes easier. In some cases, mixers can be used, but it is not 

expected to be necessary in this case. 

The mixing zone for the case mentioned above, would have a length of approximately 50 

pipe diameters; a static mixer would lower this to 10 pipe diameters. [87] If the gases have 

low viscosity, then the mixing becomes more efficient. In the literature, mixers have not been 

used. 
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Regarding the proper mixing of the oil mist in the gas stream, it would be recommended that 

the injection takes point is in the middle of the pipe, and that the injector is efficient in 

atomising the oil. 

Mixing of fluids, comprises from complex phenomena, and the use of simulation models 

becomes necessary. In [88] models are mentioned to set up the simulation. 

Piping 
 

The pipe materials used in these types of applications are mainly ferrous alloys. [89, 90]  
 
A turbulent flow would be optimal for the mixing of the components, but to take proper 
pressure measurements, then the flow should be laminar at the inlet of the filter. This will be 
estimated by using Reynolds number; Re> 4000 for turbulent flow, Re< 2000 for laminal flow. 
 
To calculate the optimum pipe diameter, equations can be found easily; examples given in 
references [91, 92, 95]. To perform the calculations, properties of the gas  are needed, i.e. 
density and viscosity, and also the range of the gas velocities. Unfortunately, these values 
are not available at this stage of the project.  
 
To make the parts of the rig easily moveable, the pipes is suggested to be connected using 
clamp rings. 
 

Sizing example 
 
In this section, an example is given on the sizing of the blower when downsizing the filter. To 
choose a blower size, it is necessary to know the gas flow in m3/h. 
Two size filters are assumed, the first one is the common filter size, while the second one is 
a filter with a smaller diameter and same length. The length was kept the same to avoid major 
differences in the flow pattern.  
 
As mentioned before, a common filter has a 12 in diameter and is 10.5 in long. The volume 
of this filter is 19.45 l. Assuming a filter with a 10 in diameter and same length, then the 
volume is 2.09 l.  
 
The density of the exhaust gases, assuming constant temperature, can be calculated as 
follows: 
 

�̇� = 𝜌 ∗ �̇� → 𝜌 =  
2100

𝑘𝑔
ℎ

800
𝑙
𝑠

= 0.00072 𝑘𝑔/𝑙 

 

The values for �̇� 𝑎𝑛𝑑 �̇� were chosen to be the maximum ones encountered in a real engine. 
 
When downsizing, it is important to make sure that the value of GHSV, remains the same. 
The GHSV is defined as the ratio of the volumetric flow rate of the filter to its effective volume. 
The effective volume in this case, is considered to be all its volume for simplification reasons. 
 
The GHSV value for the bigger filter is found to be: 
 



49 
 

𝐺𝐻𝑆𝑉 =  
�̇�

19.45
= 41 𝑠−1 = 146520 ℎ−1 

 
For the smaller filter, that would mean that flow rate should be: 
 

𝑄2̇ = 41 𝑠−1 ∗ 2.09 𝑙 = 85.69
𝑙

𝑠
  

 
 

For the bigger filter, the necessary blower flow should be �̇� = 2857.14 𝑚3/ℎ. For the smaller 

filter, the corresponding blower flow should be  𝑄2̇ = 306.03 𝑚3/ℎ. 
 
It is already clear that using a smaller filter would be beneficial in the sizing of the rest of the 
components, as an 89% smaller blower flow, would result in the choice of a significantly 
smaller blower, that would be economical in terms of space and cost. Additionally, assuming 
that a filter is considered full when it holds 40 gr/l ash, then for the larger filter, 780 gr of ash 
would be needed, while the respective amount for the smaller one would be 83.6 gr. The 
difference in oil and fuel consumption will be significantly smaller with the use of a smaller 
filter. 
 
The gas velocities for the two cases will be the following: 
 
Assuming that the pipe diameter is 8 cm, then the gas velocity would be: 
 

𝑉2 =  
�̇�

𝐴
= 16.58 𝑚/𝑠 

 
While for the larger filter and a pipe diameter equal to 14 cm, the gas velocity would be: 
 

𝑉 =  51.58 𝑚/𝑠 
 
 

3.4 Market options 

In case it is proven more efficient, the rig, or part of it, could be purchased. In this section, 

three systems are presented. 

1. Cambustion 

 

As already mentioned in a previous section, the Cambustion rig is a burner-based rig. It 

started as a soot filling system, and later an ash injection option was added.  

It can provide a soot production rate range of 2-20 g/h soot rate production. A realistic soot 

production rate in an engine is 5 g/h on average.  

The main parts of the basic Cambustion rig system are: 

• A diesel burner running just below ambient pressure generating soot and heat 

• Temperature controlled airflows into the burner 
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• Downstream exhaust blowers sucking the flow through the filter being tested. 

• An electrically heated additional tertiary flow to control the DPF temperature 

independent of burner conditions. 

The Cambustion rig system has been described in section 2.5. Further explanations on their 

configuration was given by their sales manager, and a summary is included below. 

The downstream blower configuration ensures that the burner conditions are not affected by 

the filter backpressure. The separate tertiary air flow allows the stabilization of the DPF 

temperature independently of the burner warming up and allows the run of different burner 

conditions (e.g. with no soot or various soot rates) without affecting the DPF temperature. 

The oil in an engine does not pass through the flame, it does appear to be exposed to quite 

high temperatures which appear to have a similar affect to the rig’s combustion chamber. The 

ash particles have a diameter of about 15 nm which is similar to what is seen in engines. If 

ash and soot are generated together, the concentration of the 15 nm particles is much 

reduced: the ash materials are probably internally mixed on the soot particles in this condition. 

It is unclear whether or not a particle feeder could be fitted to the system, or how flexible is 

the rig. Also, the cost is unknown. 

2. CAST ( Combustion Aerosol STandard) system 

Another soot generating system that could be altered to fit the needs of the current project, 

is the CAST system. 

The CAST system is using a burner to form soot particles. The soot is formed by the pyrolysis 

of hydrocarbons that are exposed to the flame’s high temperature. Since the hydrocarbons 

are pyrolysed, they don’t come in contact with the oxygen, and then they are led out of the 

flame, without being further combusted. Quenching gases lower the stream’s temperature, 

lowering the possibility of combustion even more. This way, the soot particles are stabilised. 

A picture of the CAST function principle is shown in Figure 38. 

 

Figure 38: Principle of CAST [96] 

The CAST burner provides low temperature and gas flow, so the use of a blower and a heat 

exchanger would be necessary. The fuel used is propane. 

http://sootgenerator.com/HiMass_g.htm
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The CAST burner has been used in reference [28] as a soot generator, and the authors point 

out that it was capable to produce a size range of soot aggregates, wider than the engine’s.  

 

3. ECTO lab-Southwest Research Institute® (SwRI®) 

 

The ECTO lab is a computer controlled, multi-fueled, burner-based, and continuous flow 

reactor system that duplicates lean exhaust conditions. It is used for catalyst performance 

evaluation and screening. 

It comprises of a Diesel/ gasoline/ NG-fueled burner, and it provides independent control of 

NOX (20-1200 ppm), temperature (70-800°C), and flow (up to 2900 kg/h). Not a lot of 

information was available on the ECTO lab, but it is assumed that this system could also 

adapt to the needs of the current project, with the appropriate modifications. 

In Figure 39 the configuration of the ECTO lab is presented. 

 

 

Figure 39: ECTO lab configuration [97] 

  

https://www.swri.org/sites/default/files/brochures/ecto-lab-aging.pdf
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4. DISCUSSIONS 

 

 4.1 Environmental concerns (scientific, social and ethical aspects) 

The element of environmental concern is prominent throughout this project. The aim of the 

project this thesis belongs to, is to understand the mechanisms of ash formation, in order to 

improve the function of the filter and prolong its lifetime. By controlling the ash deposition in 

the filter to obtain a smaller backpressure, the fuel consumption will be improved. Also, the 

effect of increased soot emission in the engine will be minimized, which means combustion 

will be more efficient, resulting in the effective use of fuel. 

The rig configuration has been chosen in a way to promote the use of as few resources as 

possible. The use of filter cores instead of full-size filters is suggested, and a smaller burner 

instead of an industrial size burner is chosen.  

Establishing a method for the testing of ash accumulation, would open the road to more 

research towards the use of biodiesel, where ash poses as a crucial limitation. When 

biodiesel is used, there is a higher contribution of fuel-derived ash, in comparison to regular 

diesel, where the amount of metallic species, such as Na, K, Ca and Mg, are present in lower 

concentrations (below 10ppm) [10]. Those elements are used as catalysts during biodiesel 

manufacturing and end up in the fuel. Once in the combustion chamber, they will convert to 

oxides, sulphates, hydroxides or carbonates, and they will form inorganic ash in the filter. In 

addition, since biodiesel consumption is slightly larger than diesel, the contribution of those 

elements to the amount of ash, increases [35]. 

And lastly, a successful testing method, will seriously decrease the amount of costly field 

tests required. 

 

4.2 Suggested methodology 

 Rig design methodology 

One of the aims of the project, was to suggest a methodology for studying of ash 

accumulation in particulate filters. Having examined the methodologies that have been 

developed by other researchers, it became very clear that it is not defined which one that is 

the most optimal, yet. Consequentially, a methodology to define how one should choose 

experimental procedures, is suggested in this work. The following is expressed by assuming 

that the goal with the rig, is the understanding of the underlying fundamental mechanisms of 

ash formation. 

Before building the rig, it is highly recommended to obtain data on the Scania engine 

conditions, besides the ones provided in this report. Specifically, very important it would be 

to find the soot filling rate and the amount of NOx produced for various driving conditions, the 

exhaust gas composition and the density variation in relation to the temperature, and the 

exhaust gas temperature range. These can be obtained by taking measurements directly 

from Scania engines. 
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Following this, the precise sizing of the components should take place. One suggested 

method is to start by setting simulations using the previous experimental data, to obtain flow 

pattern for different filter sizes and gas velocities. This will determine the flow and the filter 

size range. 

Based on these ranges, the burner can be sized. The sizing of the burner can be done 

effectively with the help of burner manufacturers. Most companies provide consultation based 

on the requirements, which cuts down precious time. If this option is not available, then it 

would be very helpful to perform some experiments in a burner that is already available. Since 

the temperature will most likely be reached, the important parameter to define, becomes the 

exhaust gas flow. The volumetric flow of the gases can be calculated by burning a known 

amount of fuel, and then calculating the amount of flue gases produced by comparing the 

oxygen concentration. Then, by knowing the size of the burner on which the experiments 

were conducted, an estimation for the needed size can be obtained. According to other 

researchers, a household burner would be enough. 

After sizing the filter and the burner, which are the two most central components, the path for 

the sizing of the rest of the components, opens. The blower’s power will be determined by 

the maximum flow entering the filter, taking into account that it will also have to compensate 

for the pressure drop. Then, according to how many degrees the flue gas temperature has to 

be elevated or reduced by, the heater can be chosen. 

The injectors and the valves are components that are easy to be chosen, as for this 

application the requirements are not so sophisticated. For the valves, the most important 

criteria are the temperature range which they will be working in, the composition of the gases, 

and the diameter of the pipes. Regarding the later factor, the pipe sizing is suggested to be 

done after the filter size range is chosen. Due to the complex fluid mechanics and heat 

transfer phenomena that need to be considered, the most reliable way to estimate the gas 

mixing zones and subsequently the pipe sizing, is to run simulations. With the gas flow, the 

gas temperature and the amount of injected oil, known, the proper pipe size can be obtained.  

Lastly, the particle feeder has proven to be a sensitive component. On the market, the 

available options mostly cover the needs in applications were non sticky powders and plastic 

materials are to be used. It would be a bit risky to buy one feeder without getting some 

consultation. Building a feeder is also an option, but this would require much more time. 

 Experiment execution methodology 

In regards to the experimental method, the suggestion is to first run some preliminary 

experiments, before the core experiments. These will define the parameter values (e.g. 

sooting rate, flow rate, temperature)  that will fill the filter in the most realistic way. Different 

soot production rates should be tried, different gas flows, different amount of oil mist injected 

in different positions, different types of fuel, and different methods of acceleration. This will 

allow the cross checking of the produced data, with other authors’ data, and will help get the 

design a step further and be more innovative. 
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4.3 Challenges 

Conclusions were made regarding the challenges related to accelerated filter aging. It is 

important to be aware of problems that are likely to occur so that appropriate planning can 

be done. The user should keep in mind that making sure the ash characteristics and the ash-

substrate interaction characteristics must be as similar as possible with reality. An important 

realisation is that ash obtains its complex shape due to the intimate mixing between soot and 

nanometer sized ash particles and the subsequent oxidation of the soot. If the ash coming 

from the burner is micron-scale without much soot surrounding it, the mechanism of ash 

accumulation in the filter channels and especially in the filter pores may be significantly 

different. In general, when comparing the ash created by an accelerated aging system and 

that from the field, one must look at the micron-scale details as well as the pressure drop, as 

pressure drop will not always give the complete story [68]. To achieve this, many tests where 

the parameters are carefully and controllably changed, should be performed. 

Designing a rig to accelerate the ash accumulation in diesel particulate filters, was proven to 

be a complicated process. Knowledge is needed on many disciplines, such as combustion 

process and technology, fuel and oil chemistry, fluid mechanics, and heat transfer. In many 

cases, experience was proven to be necessary to avoid mistakes unseen to the untrained 

eye. The problem of accelerated ash aging seems that has bothered researchers for a long 

time, and there is still room for improvement. 
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5. CONCLUSIONS 

The aim of this project is to suggest a methodology to accelerate the ash accumulation in a 

diesel particulate filter. This was achieved in two steps: first the parameters that affect the 

ash properties and the deposition pattern, were determined, and second, the main 

components of the testing rig were selected, along with a proposed methodology to size them. 

Determining which parameters affect the ash properties and the deposition pattern, was of 

extreme importance, as these will guide the configuration of the testing rig. An extensive 

literature study on the mechanisms of ash and soot formation, was made. Literature regarding 

data obtained from the field, as well as data from accelerated tests, was compared and the 

authors’ conclusions and observations were evaluated, compared and organised. Following 

this collection of information, it was possible to withdraw that the parameters that should be 

controlled are: 

• the temperature of the exhaust gas, 

• the regeneration temperature,  

• the oil formulations,  

• the acceleration method,  

• the velocity of the gas entering the filter, and  

• the amount of soot present before regeneration. 

 

The ash properties correlated to these are: 

• the packing density,  

• the permeability,  

• the porosity,  

• the ash layer deposit thickness,  

• the ash location and distribution, and  

• the amount of soot that can be layered on the ash. 

 

For the second step of the design process, the choice of the components’ type was made. 

The proposed rig was designed with a modular model in mind. The core idea was that the rig 

could be used to examine the ash morphological characteristics, but to also be used to just 

fill the filter with ash produced outside of its system. In addition, it was desired for the rig to 

be able to accommodate different accelerating methods. These methods are: 

• Oil mist injection in the combustion chamber 

• Oil mist injection in the gas stream 

• Fuel doping, and 

• Premade ash particle feeding. 

 

With the above requirements in mind, it is suggested that the rig includes both a burner and 

a particle feeder, which can be mounted on the rest of the system. The burner provides the 

necessary soot and sets the appropriate gas temperature. With the help of a heater, further 

temperature control is achieved, and the mechanism for active regeneration can be 

controlled. When premade ash is to be used, the burner can be removed, and replaced by a 

particle feeder. The particles are guided to the filter by a blower placed downstream of the 
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filter. The blower also works as a means to compensate for the pressure difference, and 

ensure that the gas flow through the filter, will be constant when needed. Lastly, it is 

suggested to use pipe connections that are easy to connect and disconnect, such as clamp 

rings, so that the position of the components can be quickly changed. 

A burner system allows for greater control of the experimental conditions, than an engine-

based rig. Comparison with the options available in the market, indicates that the suggested 

rig is more versatile and more focused on the ashing of the filter, rather than filling it with soot.   
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6. FUTURE WORK 

For the optimisation of the rig’s design, and for deciding whether or not it is more beneficial 

to invest in a rig that is available on the market, some more work is needed to be done. 

 

 Cost estimation 

The most basic criterion for deciding whether to build or purchase something, is the cost.  An 

unexpected problem during the design of the rig, was finding the items’ pricing. For most of 

the components the cost is not mentioned in catalogs and communicating with the seller is 

the only way to get informed. For the cases that the sellers replied back, they required very 

specific information on the characteristics of the components, which at the moment is not 

available. In other cases, it was requested to provide them with detailed information about 

the buying company, which was not in my capacity to have.  

A cost assessment is of high importance to be made before proceeding with a solution, as it 

can be determinant in this case. 

 

 Examination of possible adjustments made on existing rigs 

An interesting approach for the rig, would also be to collaborate with the seller of a rig, and 

order a custom-made rig, to achieve the versatility of he suggested one. This would need to 

come in contact with the sellers, receive some offer, and then examine the possibilities. 

 

 Evaluation of NOx introduction 

In case passive regeneration is desired, then the amount of NO2 in the filter should be 

controlled. This could either be done by using a DOC, or by inserting NO2 with another 

method. 

The use of the DOC has been mentioned to alter the soot properties [68]. This statement 

could be verified or rejected by performing a few engine tests, where gas will be sampled 

with and without the DOC. 

Another problem that would be added with the addition of the DOC, will be controlling its 

temperature, to control the amount of NO2 it produces (lower T gives less NO2). A separate 

control system would be needed, and this would occupy more space, as well as introducing 

complexity to the design. 

It should be noted that it is most possible that not plain NO2 would be added, but instead a 

mixture of NO/NO2 (NOx). The easiest way for adding this mixture, would be by adding it to 

the fuel. 

 

 Setting precise component specifications 
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Another very important task, is to size the components. Since complicated fluid mechanics 

and heat transfer phenomena are taking place, the safest way to proceed with this, would be 

to use a simulation software. This would help to determine the dimensions of the pipes, to 

size the filter, to decide upon the required blower power, determine the specifications of the 

heat exchanger, and many more, while cutting down the need for trial and error processes. 

 

Also, discussions with senior engineers, field experts, and designers of this type of 

equipment, could be the most efficient way to obtain information, make appropriate decisions, 

gain insight and avoid making inexperienced mistakes. 

 

 Experimental data 

 

To set and support the simulation results, experimental data should be obtained from simple 

test procedures. Some examples of values that could be obtained, are soot to ash ratios for 

different engine conditions, exhaust gas composition and ash particle size distribution for a 

Scania engine, and viscosity of the oil that will be used.  
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