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Abstract 

The main purpose of the present work is to increase the fundamental understanding of the 

particle transport behavior in an enclosed environment and to provide knowledge to estimate 

and measure the particle emission from pellets during a steel production process. 

A laboratory study focused on the effect of the high sliding velocity on the particle generation 

from dry sliding wheel-rail contacts has been conducted. The particle concentration and the 

size distribution were acquired online by using particle number counters during the tests. 

After the completion of each test, the characteristics of pin worn surfaces and collected 

particles were analyzed with the aid of SEM (scanning electron microscopy) combined with 

EDS (energy disperse X-ray analysis). The results show that the amount of the particle 

generation increases significantly as the sliding velocity increases from 0.1 to 3.4 m/s. 

Moreover, the particle size distribution results indicate that the majority of the generated 

particles are submicron (ultrafine and fine) particles in the case of a high sliding velocity (1.2 

and 3.4 m/s). The observations of iron oxide layers within the pin worn surface and the 

collected iron-oxide containing particles reveal that these substantial small particles can be 

attributed to an oxidative wear between the dry sliding wheel-rail contacts under high sliding 

velocities.  

The effect of the particle transport behavior with respect to submicron particles in the test 

chamber on the measurements taken at the outlet was studied by a three dimensional 

mathematical model. With the assistance of CFD (computational fluid dynamics) simulations, 

the airflow pattern was found to have a major effect on the particle transport during the tests. 

By estimating the particle loss rate, 30% of generated particles failed to be captured at the 

outlet. The reason for that could be a temporary suspension and a deposition onto the surfaces. 

It should be noted that the particles were assumed to follow the air stream as a result of the 

small particle size. In addition, the Lagrangian tracking results reveal that the limiting size for 

particles to become airborne during tests is around 10 µm. However, the computational cost 

is found to be significant high when the Lagrangian method is adopted. 

To consider the measurements of micron particles and to reduce the computational time, a 

coupled drift flux and Eulerian deposition model was developed. In this model, the effects of 

the gravitational sedimentation and deposition on the particle dispersion were included. The 

simulation results are in a good agreement with the available experimental data. The value of 

APD (average percentage deviation) is in the range of 7.7% to 21.2%. Therefore, a set of 
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simulation cases have been carried out to investigate the influential factors (particle size, wall 

roughness, source location and duration). The results show that the homogeneity of the 

particle concentration distribution in the model room declines with an increased particle size 

(0.01 to 10 µm). An almost uniform particle concentration field is formed for submicron 

particles (0.01 and 0.1 µm) and for fine particles (1 and 2 µm). However, a clear 

concentration gradient is obtained for coarse particles (4, 6, 8 and 10 µm). This is due to that 

the gravitational settling dominates the motion of coarse particles. As a result, a large 

deposited amount and a high deposition fraction were predicted for coarse particles. 

Moreover, the surface roughness was found to enhance the deposition of submicron particles 

(0.1 and 0.01 µm) for a given friction velocity. On the contrary, the deposition of micron 

particles is much less sensitive to the variation of the surface roughness. For a case of an 

internal source in the room, where a release over a long duration is considered, the particle 

dispersion strongly depends on the release location. However, this is not the case for a short 

release time. 

The dispersions and depositions of micron particles were explored in a laboratory test 

focused on the particle emission from the wear between the pellets. The simulation results 

were compared to the measured data with respect to the particle flux at the outlet. A good 

agreement (4.92% < APD < 12.02%) is obtained. In addition, the influence of the air flow 

rate at the inlet and the particle size on the sampling results at the outlet was carefully 

investigated. The results show that a stronger air supply at the inlet can push more particles to 

the outlet for any given particle sizes. However, the resulted increase of the measurable 

fraction is more significant for 4, 6, 8 10 µm particles compared to 1, 2 and 20 µm particles. 

Moreover, it is apparent that 20 µm particles are unable to be measured in such a 

measurement system.      

Key words: airborne particles, particle emission measurement, pellet, particle transport, 

deposition, dispersion, drift-flux, enclosed environments, CFD. 

 

 

 



vii 

 

Sammanfattning 

Syftet med detta arbete är att öka den fundamentala förståelsen gällande partikeltransport i 

slutna partikelemissionssystem och att bidra med kunskap som möjliggör till predikteringar 

och mätningar av partikelemissioner relaterade till pelletshantering vid ståltillverkning. 

En laboratoriestudie fokuserad på betydandet av en hög glidhastighet på partikelgenereringen 

vid torra glidhastigheter vid järnvägshjulkontakter har genomförts. Både 

partikelkoncentration och storleksfördelning erhölls genom kontinuerliga mätningar med en 

partikelräkningsmätare. Efter slutförande av varje test så analyserades karakteristiken av 

pinnarnas slitna ytor och partiklar med hjälp av SEM (svepelektronmikroskopi) kombierat 

med EDS (energidispersiv röntgenanalys). Resultaten visar att partikelgenereringen ökar 

markant när glidhastigheten ökar från 0.1 till 3.4 m/s. Dessutom så indikerar 

partikelstorleksresultaten att majoriteten av de genererade partiklarna är ultrafina och fina vid 

höga glidhastigheter (1.2 och 3.4 m/s). Observationer av oxidlager på de nötta ytorna på 

pinnarna och den insamlade partiklarna innehållande järnoxid visar att uppkomsten av dessa 

mycket små partiklar uppstår på grund av en oxiderande nötning orsakad av den torra 

järnvägshjulskontakterna under tester med höga glidhastigheter. 

Betydelsen av partikeltransporten i testutrustningen på mätningarna som utfördes vid utloppet 

studerades med användande av matematisk modellering. Matematiska modelleringsresultaten 

visar att flödeskarakteristiken för luft har en stor inverkan på partikeltransporten under 

försöken. Genom att uppskatta hastigheten av partikelförlusterna så var det möjligt att 

bestämma att 30% av de genererade partiklarna inte kunde registreras vid utloppet. Orsaken 

till detta kan vara uppkomsten av en temporär suspension samt en deposition av partiklar på 

ytorna. Det bör dock poängteras att partiklarna antogs att följa luftströmmen på grund av de 

hade så små storlekar. Dessutom så visar predikteringarna med Lagrangianmetoden att den 

begränsande storleken för partiklar att bli luftburna under tester är ca 10 µm. Doch så bör det 

noteras att beräkningskostnaden är mycket hög när Lagrangianmetoden används. 

En kopplad driftfluxmmodell och en depositionsmodell utvecklades för att att minska 

beräkningstiden vid simuleringar av den relativa rörelsen mellan partiklar och luft. Denna 

modell tar hänsyn till effekterna av sedimentering pga gravitationskraften och deposition på 

partiklarnas rörelser inslutna miljöer. Predikteringarna visade sig stämma bra överens med 

tillgänglia experimentella data. Värdet på den genomsnittliga procentuella avvikelsen (APD) 

varierade mellan 7.7% och 21.2%. Därför så genomfördes en serie beräkningar för att studera 
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faktorer som påverkar interaktionen mellan partiklar och luft (partikelstorlek, vägg. position 

för källa och tid för emission). Resultaten visar att homogeniteten av 

partikelkoncentrationsfördeliningen i rummet minskar med en ökad partikelstorlek (0.01 till 

10 µm). Dessutom så erhölls en nästan homogen partikelkoncentration för partiklar mindre än 

en mikrons storlek (0.01 till 0.1 µm) samt för fina partiklar (1 till 2 µm). Däremot så erhölls 

en klar koncentrationsgradient för grövre partiklar (4, 6, 8 och 10 µm). Detta beror på att 

sedimentering orsakad av gravitation dominerar rörelsen hos grövre partiklar. Som ett resultat 

så predikterades en stor depositionsmängd och en hög andel deponerade partiklar för grövre 

partiklar. Dessutom så visade resultaten att ytråheten ökade andelen partiklar med en 

submikronstorlek som deponerades (0.1 till 0.01 µm) för en given depositionshastighet. I 

motsats till detta resultat så visade det sig att depositionen av mikronstora partiklar är mindre 

beroende av ytråheten. För fallet då en intern källa finns i rummet och där emissionen sker 

under en längre tid så är dispersionen av partiklar starkt beroende av positionen för 

emissionen. Däremot är detta inte fallet när emissionen sker under en kortare tid. 

Den utvecklade modellen användes också för laboratoriemätningar fokuserade på 

partikelemissionen från nötningen mellan pellets. Användbarheten av modellen studerades 

genom att jämföra experimentella och numeriska resultat av partikelflödet vid utloppet. 

Överensstämmelsen visade sig vara god, nämligen 4.92% < APD < 12.02%. Förutom dessa 

predikteringar så simulerades betydelsen av gasflödeshastigheten vid inloppet och 

partikelstorleken på provtagningsresultaten i detalj. Resultaten visar att ett stort luftflöde vid 

inloppet kan bidra till att fler partiklar återfinns vid utloppet oavsett av storleken på 

partiklarna. Däremot så är ökningen av den uppmätta fraktionen mer signifikant  för partiklar 

med en storlek på 4, 6, 8 och 10 µm i jämförelse med partiklar med en storlek på 1, 2 och 20 

µm. Dessutom visar resultaten att det är omöjligt att mäta partiklar med en storlek på 20 µm 

med nuvarande experimentalla utrustning. 

Nyckelord: luftburna partiklar, partikelemissionsmätningar, pellet, partikeltransport, 

deposition, rörelse, drift-flux, slutna miljöer, CFD. 
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Chapter 1   Overview 

1.1  Background 

Studies of particle emissions are of high importance and have been conducted in many fields.  

For instance in the materials processing field, the dust emissions from blast furnace during 

ironmaking in the iron and steel plant are highlighted due to its serious consequences with 

respect to material losses and environmental pollutions. Iron ore pellets, a most widely used 

iron bearing material in the blast furnace, which is reported as one important contribution 

source to the dust formation.
[1, 2]

 Specifically, a considerable amount of particles is generated 

due to mechanical wear of iron ore pellets during transportation, handling and charging. 

Moreover, the generated particles may become airborne and cause material losses and 

pollutions to the ambient environment. However, currently it is too difficult to deeply 

understand, model and measure this particle emissions. Thus, it is our strong belief that at this 

stage a more fundamental approach is necessary to generate new knowledge regarding the 

study of the particle emission from pellets, to be used in future metallurgical studies. Thus, 

we have confined our research to study the particle emissions in enclosed environments. This 

should be seen as a first step to enable studies of particle emissions in metallurgical systems. 

1.2  Literature study on particle emissions in enclosed environments 

In order to develop a more fundamental understanding of particle emissions in enclosed 

environments, we initiated the work with an extensive literature study which is explained 

below.  

In recent years, airborne particulate matter (PM) has drawn a lot of attention as a result of its 

strong association with an array of adverse health effects. 
[3-6]

 The corresponding risk has 

been accessed by the exposure and inhalation of PM by the population 
[7,8] 

due to various 

circumstances. Significantly, it was revealed that the risk increases considerably in indoor 

environments as most people spend nearly 80% to 90% of their time indoors. 
[9]

 The types of 

indoor environments are diverse, but they are enclosed environments in common. The 

primary ones are residential buildings, offices, schools, etc. and the secondary ones are the 

underground stations and cabins. To deal with the indoor pollutant control of particulate 

matters of different sites, two aspects may uppermost be considered. On one hand, the 

particle emission source can be various 
[8]

 and the corresponding particle size can vary within 
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a large range from nanometers to micrometers. On the other hand, the transport behavior 

within the air flow determines the spatial distribution and removal of particles in enclosed 

environments. 

Studies that assess the concentrations measured in residences
 [10-14]

 show that particles 

emitted from indoor activities (smoking, cooking, cleaning and people movements, etc.) and 

which are filtrated from outdoor ambient environment dominates the PM contribution. In 

addition, several studies 
[15-17]

 reported that wear particles generated from wheel-rail-brake 

systems can become airborne and contribute to a major source of non-exhaust particles in the 

underground subway environments. However, to conduct full-scale of measurements of 

particle concentrations in these indoor environments is not only costly and time-consuming, 

but also strongly dependent on the source location and site. Therefore, the results are not 

comparable in a comprehensive manner. Instead, a number of experiments 
[18-21]

 have been 

conducted in a laboratory scale to investigate the influence of individual factors.  

On the particle behavior with respect to the particle emission measurements, the commonly 

used test setups comprise of two essential elements: a specific particle release source and an 

air ventilated chamber. The basic idea behind this kind of design is that the particles are 

transported by the airflow from the initial release position to the whole chamber as well as to 

the outlet. Thereafter, the resulting particle concentrations monitored at the outlet are used to 

evaluate the measured data. Particle physical properties (size and density), the configurations 

(location and duration) of the release source itself as well as the airflow pattern (ventilation 

type) have been identified as the decisive factors throughout these studies. For example, the 

particles released within the inlet air or somewhere inside the chamber led to a total different 

observation of the particle concentration distribution in the whole chamber and different 

measurement results at the outlet. 

To gain a better understanding of the experimental data, numerical investigations based on 

computational fluid dynamics (CFD) have also been used to elucidate the particle dynamics 

in enclosed environments. It is a powerful approach as a result of its low-cost and its 

flexibility to be used for different applications. The CFD simulations can provide a detailed 

description of velocity, pressure, temperature, particle dispersions, spatial distributions by 

simultaneously solving the conservation equations of mass, momentum, energy and species 

concentration. Generally speaking, there are two methods of modeling the particle transport 

behavior in CFD simulations, namely the Lagrangian method and the Eulerian method. In the 

framework of the Lagrangian method, the fluid phase is considered as a continuum and 

particles are treated as a discrete phase. The trajectory of an individual particle is predicted as 



3 

 

a result of forces acting on the particles. The Lagrangian method takes advantage of that it 

easily can take into account different forces acting on the particles. Also, a great amount of 

information regarding an individual particle’ movement history can be acquired, such as the 

particle velocity and location at a specific tracking moment as well as the travel time before 

touching the walls or the objects. However, this method itself has a major shortcoming. 

Specifically, the reliability of predicted particle concentration field relies on sufficient 

statistical data. Despite that the likelihood of error approaches zero as the number of particles 

approaches infinity. However, they do so quite slowly. 
[22]

 Therefore, the computational cost 

of simulations is in high demand.  

The Eulerian method treats particles as continuum phase and the mass conservation equation 

is solved to get the particle concentration field straightforwardly. Thus, the computational 

requirement is dramatically reduced compared to that required by the Lagrangian method.  

Owing to the reduced computational requirement, a number of studies have been reported to 

capture the particle transport behavior in enclosed environments by using the Eulerian 

method. 
[23-29] 

Studies in the early time proposed a common used model called the traditional 

transportation model of gas contaminant concentration. A key assumption is that the particles 

act as gas species, i.e. the particles would follow the air stream. However, there is a velocity 

difference between the particle phase and the air when the particle size increases to large 

enough sizes. To deal with that, a drift flux model has been proposed from researchers 
[30-33]

 

to account for the relative motion between the particles and the carrier phase. Later, it has 

been employed in the simulation study of particle dispersions in enclosed environments. 
[25-29] 

Specifically, the drift flux model is an improvement of the traditional transportation model of 

gas contaminant concentration by adding the drift flux term into the concentration 

transportation equation. This so called drift flux term is determined by the velocity difference 

between the particles and the air, which is usually caused by the gravitational settling effect. 

More importantly, this model can easily integrate other transport mechanisms into the 

concentration transportation equation as a source term, such as deposition and thermophoresis.   

The deposition of particles onto surfaces can be a double-edged sword, i.e. has two possible 

consequences, one detrimental and one beneficial.
 [34]

 On one hand, a deposition can cause a 

damage of the material and electronic equipment. On the other hand, a deposition is a 

positive process from the perspective of human health. This is due to that the deposited 

particles decrease the potential exposure to people. Thus, they cannot be inhaled unless they 

are re-suspended. Therefore, it is of a great interest to understand the deposition process. In 

the early time, the most used approach to describe a particle deposition is called a ‘free-flight’ 
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or a ‘stopping distance’ model. In this model,
 [35-38] 

it is assumed that the particles diffuse to 

one ‘stopping distance’ from the wall, at which point they experience a ‘free flight’ to the 

wall. In order to obtain an agreement
 
between this theoretical work and the experimental data，

these studies either adjust the boundary condition of the particle concentration or assume a 

‘free flight’ velocity for particles at one ‘stopping distance’. Thus, the free flight model lacks 

a rigorous physical explanation. Lai and Nazaroff
 [39]

 developed an empirical three layer 

deposition model based on the prior knowledge 
[40, 41]

 of the particle diffusivity. It is also 

known as gradient diffusion model, which accounts for the turbulent and Brownian diffusion 

and gravitational settling to be the dominating mechanisms of particle transport that causes 

deposition. It has gained its popularity on modeling of the particle deposition in indoor 

environments.
 [25-27]

  

However, the particle migration due to the turbulent energy gradient (turbulence intensity) is 

not considered in this model. This effect was first discussed by Fortier.
 [42] 

Several years later, 

Reeks 
[43]

 named the effect ‘turbophoresis’ and stated that turbophoresis could be of great 

importance in developing a comprehensive theory of particle deposition. Based on their work, 

a unified Eulerian deposition model was firstly presented by Johansen 
[44]

 to integrate the 

turbophoresis effect. Later, this model was extended by Young and Leeming 
[45]

, Guha 
[46]

, 

and further modified by Ni et al. 
[47] 

The present model possesses a solid physical framework 

by solving both the particle continuity and momentum conservation equations. Also, it 

consists of main particle transport mechanisms (Brownian and turbulent diffusion, 

turbophoresis and thermophoresis) and it considers the effects of the gravity force, drag force, 

inertia force and virtual mass force. The solutions are in a good agreement with experimental 

deposition velocity data for a wide range of particle sizes. 
[48]

 Generally, it is believed that the 

occurrence of a particle deposition take place in two steps. 
[49]

 In the first place, the particles 

are transported by the advection towards the wall and then they travel across the boundary 

layer near the wall surface. In this view, several studies 
[25-27]

 demonstrate that the particle 

deposition-flux within the boundary layer can be integrated as a boundary condition when 

solving the particle concentration conservation equation within a drift flux model. Thus, it is 

of interest and physically meaningful to integrate this Eulerian deposition model into a drift 

flux model to investigate the particle dispersion and deposition in enclosed environments.  
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1.3  Objective and scope of this thesis 

The objective of this thesis is constrained to increase the fundamental understanding of the 

particle transport behavior in the airflow within an enclosed environment and to provide the 

guidance to model and measure the particle emission from pellets during steelmaking 

processes. The outline of the supplements in this thesis is summarized as shown in Fig. 1.  

To start with, laboratory measurements of particles generated from wheel rail contacts were 

conducted in an environmental chamber (supplement Ⅰ ). The experimental data of 

submicron particles were acquired in terms of the particle number concentration and size 

distribution. Based on the experimental set up, a three dimensional mathematical model was 

built up to study the dispersion of submicron particles inside the chamber during tests by 

using CFD methods (supplementⅡ). The correlation between the particle transport and the 

airflow pattern was discussed. The estimation of the particle loss rate at the outlet was used to 

evaluate the measurement results. Furthermore, for the measurements and simulations of 

particles with an extended size, the numerical model was enhanced by presenting a coupled 

drift flux and Eulerian deposition model, which integrates effects of gravitational separation 

and deposition on the particle transport (supplement Ⅲ ). The simulation results were 

validated against the available experimental measurements in a model room. Influential 

factors of particle size, particle density, roughness and source configuration (release location 

and duration) have been investigated in a model room. Based on the results from the first 

three supplements, a numerical study of dispersions and depositions of micron particles has 

been performed in an enclosed test chamber focusing on the particle mission from wear of 

pellets (supplement Ⅳ). A comparison between the simulation results and the experimental 

data was made. 
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Fig. 1. The outline of the present thesis. 
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Chapter 2   Methodology 

2.1  Experimental setup 

2.1.1 Test setup in supplement Ⅰ 

The experimental measurements of particle emissions from dry sliding wheel rail contacts 

were performed in a test setup which consists of two main components, namely a pin-on-disk 

tribometer and an environmental chamber. The schematic diagram is shown in Fig. 2. The 

dry sliding contact was simulated as a contact between a horizontal rotating disc and a dead-

weight-loaded pin. The sliding velocity and the contact pressure can be tuned by altering the 

normal load (L) and the revolution speed of the disc (M). The tribometer is capable to work 

under controlled conditions of a constant normal force up to 100 N and a programmed 

rotational speed of up to 3000 rpm. The particle measurement system is connected to a 

ventilated chamber. During the experiments, the fan (B) brings the air from the room (A) into 

the chamber (G) via a flow measurement system (C), a filter (D), and through the air inlet (F). 

The cleanliness of the injected air is guaranteed by the filter. Also, flexible tubes (E) are used 

to connect the fan, flow rate measurement system, filter and chamber. The air inside the 

chamber is well mixed (K) due to the complex geometry of the pin-on-disk machine body (H). 

The emitted airborne wear particles from the contact between the pin sample (I) and the 

rotating disc sample (M) are transported by the air flow to the air outlet (J), where the 

sampling points for counting particles are located. During tests, two particle counter 

instruments: a FMPS
TM

 (fast mobility particle sizer 
TM

, TSI Inc., MN, USA) model 3091 
[51]

, 

and an OPS 
[52]

 (optical particle sizer spectrometer, TSI Inc., MN, USA) were used to acquire 

the quantitative characteristics of emitted particles in terms of the particle number 

concentration and size distribution. Moreover, one particle collection instrument ELPI 
[53]

 

(electrical low pressure impactor, Dekati Ltd., Finland) was used to collect the emitted 

airborne wear particles and conduct the chemical analysis (SEM and EDS analysis) after the 

completion of each test. The information of the used particle counter and collection 

instruments is illustrated in Table 1.  

Prior to each test, the pin and the disk samples were cleaned ultrasonically for 20 min in a 

methanol solution. A new pair of the pin and the disk surfaces was used for each test. The 

characteristics of tested samples and experimental conditions are listed in Table 2 and Table 

3.  It should be noted that each test was repeated twice. 
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Fig. 2. Schematic illustration of the experimental setup 
[50]

 in supplement Ⅰ, (A) Room air; (B) fan; 

(C) flow rate measurement; (D) filter; (E) flexible tube; (F) inlet for clean air; (G) enclosed chamber; 

(H) pin-on-disk machine; (I) pin sample; (J) air outlet, measurement points; (K) air inside chamber; (L) 

dead weight; (M) rotating disc sample. 

Table 1 Detailed information of used particle counter and collection instruments. 

Instruments 
Size range, 

µm 

Resolution 

channels 
Main mechanism 

OPS 0.3-10 16 Light scattering of particles 

FMPS 0.006-0.5 32 
Inertia properties of 

particles 

ELPI 0.006-10 14 
Electrical properties of 

particles 

Table 2 Characteristics of test specimens. 

Specimen Material 
Dimension 

(mm) 

Surface roughness 

        Ra (µm) 

Hardness 

(HV) 

Pin UIC60 900A rail 
diameter 10 

height 15 
0.3-0.6 300 

Disc R7 wheel 
diameter 105 

thickness 9 
0.3-0.6 400 

Table 3 Test conditions for pin-on-disk tests. 

Sliding velocity (m/s) Time (min) Normal load (N) Contact pressure (MPa) 

0.1, 0.4, 1.2 and 3.4 20 5 800 

2.1.2 Test setup in supplement Ⅳ 

A schematic diagram of the experimental setup is illustrated in Fig. 3. It can be seen that the 

redesigned tribometer is situated in a cylindrical chamber (I) consists of an air inlet (B) and 

an outlet (H). The clean air is taken from a compressed gas tank through the inlet (B) into the 
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chamber. The inflow rate at the inlet is controlled by using an air flowmeter (A). Furthermore, 

the whole air supply system is connected by flexible tubes to avoid the leakage. The test 

samples (E. pellets) are placed between a rotational disc (D) and a porous plate (F). The wear 

contacts between the pellets are initiated by the rotation of the disc that is driven by a 

controllable rotor (C). A static load system in the form of dead weights (J) is utilized to 

maintain a stable contact condition (load) on the pellets and to measure the coefficient of 

friction by means of a load cell. During tests, the emitted particles from the pellets wear 

contact are transported by the air ventilation to the outlet (H), where the particle counter and 

collection instrument (ELPI) is situated. For all test trials, there layers of iron ore pellets (E) 

were charged. Moreover, three air flow rates at the inlet were examined, namely 5, 8 and 10 

l/min, and the rotational speed of the disc (D) was controlled at a constant value of 240 rpm. 

For each test, it was repeated twice. The detailed information of the tests can be found in.
 [54]

    

 

Fig. 3.  A schematic diagram of the experimental setup in supplement Ⅳ, (A) flowmeter, (B) air 

inlet, (C) rotor, (D) rotating disc, (E) pellets sample position, (F) porous plate, (G) load arm, (H) air 

outlet and measurement point, (I) cylindrical chamber, and (J) applied load. 

2.2  Mathematical model 

2.2.1 Descriptions of numerical model 

The geometries of numerical model setups are illustrated in Fig. 4. To be specific, the 

numerical model used in CFD simulation study of the dispersion of submicron particles is 

shown in Fig. 4a (supplement Ⅱ), which has the same geometry as pin-on-disk test setup 

used in supplement Ⅰ. For the model room study, the considered numerical model is shown 

in Fig. 4b (supplement Ⅲ ), which has the same geometry as the experimental setup 
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developed by Chen. 
[25]

 Furthermore, the studied numerical model in supplement Ⅳ is 

illustrated in Fig. 4c, which has the same geometry as the test setup (Fig. 3).  

 

Fig. 4a. Geometry of the numerical model used in supplement Ⅱ. 

 

Fig. 4b. Geometry of the numerical model used in supplement Ⅲ, which is the same geometry used 

in Chen’s study.
 [25]
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Fig. 4c. Geometry of the numerical model used 
[55]

  in supplement Ⅳ. 

The dimensions of the numerical model, the size of the inlet and the outlet, the used grid 

system and the selected time step for each supplement are listed in Table 4. The 

corresponding independence studies of grid and time step have been examined for each 

numerical study, which were well documented in supplement Ⅱ -Ⅳ , respectively. The 

boundary conditions and main assumptions for each supplement are presented in Table 5. In 

addition, the studied particle size range for each supplement is classified in Table 6. The air 

flow field and particle concentration field for all simulations in supplement Ⅱ-Ⅳ were 

solved with the aid of the commercial code PHOENICS
®
.  

2.2.2 Turbulence model 

Note that the choices of turbulence model for the simulation of the air flow field are different. 

The standard k–ε turbulence model is well known and has already been widely applied in 

many research areas. In supplement Ⅱ, a modified k-ε turbulence model proposed by Chen 

and Kim
 [56]

 was used to predict the turbulent air flow field. This model improves the 

dynamic response of the ε equation by introducing an additional time scale, 𝑘 𝑃r⁄ . Here, 𝑃r is 

the volumetric production rate of 𝑘. The k–ε equations have been modified as follows: 

 
𝜌

𝜕𝑘

𝜕𝑡
= 𝜌(𝑃r − 𝜀) +

𝜕

𝜕𝑥𝑖
(𝜌

𝜇T

𝜎k

𝜕𝑘

𝜕𝑥𝑖
− 𝜌𝑘𝒖𝒊) (1) 

 
𝜌

𝜕𝜀

𝜕𝑡
= (𝐶ε1𝑃r − 𝐶ε2𝜀)

𝜌𝜀

𝑘
+ 𝜌𝐶ε3

𝑃r
2

𝑘
+

𝜕

𝜕𝑥𝑖
(𝜌

𝜇T

𝜎ε

𝜕𝜀

𝜕𝑥𝑖
− 𝜌𝜀𝒖𝒊) (2) 
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where 𝜇T is 𝐶μ 𝑘2 𝜀⁄ , 𝐶μ = 0.09, 𝐶ε1 = 1.15, 𝐶ε2 = 1.92, 𝐶ε3 = 0.25, 𝜎k = 0.75, and 𝜎ε = 1.15. 

The third term on the right-hand side of the dissipation-rate transport equation, which is the 

additional source term per unit volume, includes an extra timescale, 𝑘 𝑃r⁄ . 

Table 4 The dimension of the numerical model geometry, the used mesh system and time step. 

Supplement 

No. 

Dimensions, m 
Mesh 

Time step, 

s Model geometry Inlet Outlet 

Ⅱ 0.660.360.45 0.08  0.1 1119573 0.01 

Ⅲ 0.80.40.4 0.040.04 0.040.04 757076 0.1 

Ⅳ 0.2620.127 0.016 0.02 15945110 0.1 

Table 5 Boundary conditions and main assumptions. 

Supplement 

No. 

Boundary conditions 

Main assumptions 
Inlet, m

3
/s Outlet 

Rotation, 

r/min 

Ⅱ 2.110
-3

 
Ambient 

pressure 

50, 220, 

440, 1000 

 The particles 

will 

essentially 

follow the air 

stream. 

 The influence of 

particles on the 

turbulent flow 

field is ignored. 

 The interactions 

between 

particles are not 

considered. 

Ⅲ 
3.610

-3
, 

7.210
-3

 

Ambient 

pressure 
- - 

Ⅳ 

1.1410
-4

, 

1.8310
-4

, 

2.2910
-4

, 

4.5810
-4

 

Ambient 

pressure 
240 

 The motions 

of pellets are 

not included.  

Table 6 The studied particle size range. 

Size range 
  

 

Supplement 

No. 

Ⅱ  

 Ⅲ  

  Ⅳ  

In supplement Ⅲ and Ⅳ , a modified k-ε turbulence model derived by Yakhot and 

Orszag
[57,58]

 was used to predict the turbulent air flow field. This improved version of the 

standard k–ε model is derived based on the renormalization group (RNG) methods.  

The RNG k–ε model take different values for the following model constants: 𝐶μ =

0.0845, 𝐶ε1 = 1.42, 𝐶ε2 = 1.68,  𝜎k = 0.7194, and 𝜎ε = 0.7194. Moreover, an additional source 

0.001 0.01 0.1  1 10 µm 
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term (the second term on the right hand side of Eq. 3) was included in the dissipation-rate 

transport equation: 

 
𝜌

𝜕𝜀

𝜕𝑡
= (𝐶ε1𝑃r − 𝐶ε2𝜀)

𝜌𝜀

𝑘
− 𝜌𝛼

𝜀2

𝑘
+

𝜕

𝜕𝑥𝑖
(𝜌

𝜇T

𝜎ε

𝜕𝜀

𝜕𝑥𝑖
− 𝜌𝜀𝒖𝒊) (3) 

where α = 𝐶𝜇𝜂3 (1 − 𝜂 𝜂0⁄ ) (1 + 𝛽𝜂3)⁄ , 𝜂0 = 4.38, 𝛽 = 0.012, 𝜂 = 𝑆 𝑘 𝜀,⁄  𝑆 = √𝑆𝑖𝑗𝑆𝑖𝑗,  

𝑆𝑖𝑗 = 0.5(𝜕𝑢𝑖 𝜕𝑥𝑗⁄ + 𝜕𝑢𝑗 𝜕𝑥𝑖⁄ ). 

Also, it has been reported by Chen 
[59]

 that the RNG k-ε model has a better performance for 

characterizing the air flow field in enclosed environments than other k–ε two-equation eddy-

viscosity models.  

2.2.3 CFD model description of particle transport 

The particle transport inside the pin-on-disk test chamber is predicted by solving a scalar 

transport equation 
[60]

 (supplement Ⅱ) in the CFD simulations. The governing equation is 

given by, 

 𝜕

𝜕𝑡
(𝜌𝜙) + div(𝜌𝑢𝜙) = div(𝛤grad𝜙) + 𝑆𝜙  (4) 

where 𝜙 denotes the instantaneous total value of the scalar, 𝛤 is the diffusion coefficient and 

𝑆𝜙 represents the source term. This is due to that the emitted particles were observed to be 

dominated by submicron particles (< 1 µm). In turn, the particles would follow the air stream 

perfectly. The particle dispersion and immigration were discussed and related to the predicted 

air flow pattern. Moreover, a comparison between the experimental data and simulation 

results was presented in terms of particle mass flow rate at the outlet. Furthermore, the 

particle loss rate at the outlet was estimated from the CFD simulation results, which is used to 

evaluate the measurements.  

In addition, the limiting size to be airborne was predicted by using a Lagrangian particle 

tracking model.
 [61]

 In this model, the particle position is determined from the following 

equation: 

 
𝑑𝒙𝑝𝑖

𝑑𝑡
= 𝒖𝑝𝑖  (5) 

where 𝒙𝑝𝑖 is the particle position and 𝒖𝑝𝑖 is the particle velocity in 𝑖 direction. 

Meanwhile, the particle velocity is solved by using the following particle momentum 

equation: 

 𝑚𝑝

𝑑𝒖𝑝𝑖

𝑑𝑡
= 𝐷𝑝(𝑼𝑖 − 𝒖𝑝𝑖) + 𝑚𝑝𝒈 − 𝑉𝑝𝛻𝑝 (6) 
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where 𝑚𝑝  is the mass of the particle, 𝐷𝑝  is a drag function, 𝑈𝑖  is the continuous-phase 

instantaneous velocity, 𝑔 is the gravitational acceleration, 𝑉𝑝 is the volume of the particle and 

𝛻𝑝 is the continuous-phase pressure gradient. The drag function 𝐷𝑝 is expressed as follows: 

 𝐷𝑝 = 0.5𝜌𝐴𝑝𝐶𝐷|𝑼𝑖 − 𝒖𝑝𝑖| (7) 

where 𝐴𝑝 is the particle projected area (𝜋𝑑𝑝
2 4)⁄ , 𝐶𝐷  is the drag coefficient, which by default 

is given by the following relationship: 

 𝐶𝐷 =
24

𝑅𝑒
𝑝 (1 + 0.15𝑅𝑒

𝑝0.687
+

0.42

1 + 4.25 × 104𝑅𝑒
𝑝−1.16) (8) 

where 𝑅𝑒
𝑝 is the particle Reynolds number. The Brownian force is neglected in this case 

where the focus is on the limiting size of airborne particles and due to that such particles are 

much bigger than 0.01µm.
 [62]

 Also, the lift force is ignored due to its small effects compared 

to the gravity and drag forces.
 [49]

 

In addition, a stochastic model was used in the particle tracking to account for the effect of 

the turbulent fluctuations of the continuous-phase velocity on the particle dispersion. The 

continuous-phase velocity can be expressed as follows: 

 𝑼𝑖 = 𝒖𝑖 + 𝒖𝑖
′ (9) 

where 𝒖𝑖 is the average velocity and 𝒖𝑖
′ is the fluctuating component. 

The fluctuating component is assumed to act over a time interval which is considered to be 

the minimum of the life time of the local eddy (∆𝑡e) and the transit time (∆𝑡r) taken for the 

particle to cross the eddy. The eddy life time  ∆𝑡e  and the particle transit-time ∆𝑡r  are 

calculated as: 

 
∆𝑡e =

𝑙e

|𝒖𝑖
′|

 (10) 

 
∆𝑡r =

𝑙e

|𝒖𝑖 − 𝒖𝑝𝑖|
 (11) 

where 𝑙e is the eddy size and it can be obtained from the following expression: 
 

𝑙𝑒 =
𝐶𝜇

3 4⁄ 𝑘3 2⁄

𝜀
 (12) 

As the particle size increases to a micron scale, the particle transport would behave in a 

different manner. The particles may not follow the air stream perfectly, but instead they may 

be separated from the air flow path. This is caused by the emergence of the relative velocity 

difference between the particle and the air. Therefore, a coupled drift flux and Eulerian 

deposition model in supplement Ⅲ was presented to elucidate the particle dispersion and 
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deposition in a model room 
[63]

. Furthermore, it was adopted for simulations of dispersions 

and depositions with respect to micron particles in supplement Ⅳ.  

In this model, the gravitational separation, diffusion and deposition were taken into account. 

The governing equation for particle transports in turbulent flow fields may be written as 

follows: 
[25]

 

 
𝜕𝐶𝑝𝑖

𝜕𝑡
+

𝜕[(𝒖 + 𝒗𝑠𝑖)𝐶𝑝𝑖]

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝐷𝐵𝑖 + 𝜀𝑝)

𝜕𝐶𝑝𝑖

𝜕𝑥𝑗
] + 𝑆𝑐 (13) 

where Cpi is the particle mass concentration, 𝒖 is the fluid velocity and 𝒗𝑠𝑖  is the particle 

settling velocity with respect to different diameters. The particle settling velocity can be 

calculated by using Eq. 14. Furthermore, 𝜀𝑝 is the particle eddy diffusivity (assumed to equal 

to the carrier fluid turbulent diffusivity, 𝜈𝑡, due to a small relaxation time of the particles. The 

parameter Sc is the source term. The parameter 𝐷𝐵  is the Brownian diffusion coefficient, 

which can be estimated by using Eq. 15:  

 

  𝑣𝑠𝑖 =
𝐶𝑐𝑖

 𝜌𝑝 𝒈 𝑑𝑝𝑖
2

18𝜇
 (14) 

 
𝐷𝐵𝑖 =

𝑘𝛽 𝑇 𝐶𝑐𝑖

3𝜋𝜇𝑑𝑝𝑖
 (15) 

where 𝜌𝑝 is the density of particles, 𝑑𝑝𝑖 is the particle diameter and 𝜇 is the dynamic viscosity 

of the air. Furthermore, kβ is the Boltzmann constant (1.3810
-23

 J/K), T is the absolute 

temperature (T=273+Tr and Tr is the room temperature, 20 ℃). The parameter 𝐶𝑐𝑖
 is the 

Cunningham correction factor, which can be calculated as follows, 

 𝐶𝑐𝑖
= 1 +

2𝜆

𝑑𝑝𝑖
(1.257 + 0.4𝑒−1.1𝑑𝑝𝑖 2𝜆⁄ ) (16) 

where λ represents the molecular mean free path in the gas.  

Meanwhile, a flux due to deposition was integrated into the source term Sc as follows: 

 𝐽𝑑 = 𝒗𝑑𝐶𝜌𝑝𝑑𝐴 (17) 

where 𝒗𝑑  is the deposition velocity of particles close to each cell, C is the particle 

concentration at the cells adjacent to the walls, and dA is the area of the wall. 

It is assumed that the deposition flux for micro sized particles upward to the ceiling is several 

orders lower compared to positions at vertical walls and the floor. Thus, the particle 

deposition onto the ceiling is not considered in this study. 

The methodology from Ni et al. 
[47] 

was used to calculate the particle deposition velocity near 

the walls, by using the commercial software MATLAB
®
. In this model, the non-dimensional 

deposition velocity, 𝜈𝑑
+ = 𝒗𝑑 𝑢𝜏⁄  is derived as follows, 

 
𝜈𝑑

+ = − (
𝐷𝐵

𝜈
+

𝜀𝑝

𝜈
)

𝜕𝐶𝑝
+

𝜕𝑦+ + 𝐶𝑝
+�̅�𝑝𝑦

𝑐+
      (18) 
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where 𝜈 is the kinematic viscosity of air, �̅�𝑝𝑦
𝑐+

= �̅�𝑝𝑦
c 𝑢𝜏⁄ ,  𝑢𝜏 is the friction velocity in the near 

wall layer. 

The normalized form of the particle convective velocity, �̅�𝑝𝑦
𝑐+

, is solved as follows by using 

the particle momentum equation in the y direction (perpendicular to the wall surface), 

 (1 +
𝜌𝑓

2𝜌𝑝
) �̅�𝑝𝑦

𝑐+ 𝜕�̅�𝑝𝑦
𝑐+

𝜕𝑦+
+

�̅�𝑝𝑦
𝑐+

𝜏𝑐
+ = −

𝜕𝑉𝑝𝑦
′ +2̅̅ ̅̅ ̅̅ ̅

𝜕𝑦+
− (1 −

𝜌𝑓

𝜌𝑝
) 𝑔+ (19) 

where 𝜌𝑓 and 𝜌𝑝 is the fluid density and particle density, respectively. Furthermore, 𝜏𝑐
+ is the 

normalized form of the Cunningham corrected particle relaxation time: 

 𝜏𝑐
+ =

𝜏𝑐𝑢𝜏
2

𝜈
=

2

9
(

𝜌𝑝

𝜌𝑓
)

𝑟2𝑢𝜏
2

𝜈2
𝐶𝑐 (20) 

In addition, 𝑔+ = 𝜈𝑔 𝑢𝜏
3⁄  is the normalized gravitational acceleration rate and 𝑉𝑝𝑦

′ 2̅̅ ̅̅ ̅̅  represents 

the particle mean square velocity. The term 𝑉𝑝𝑦
′ 2̅̅ ̅̅ ̅̅  represents the particle mean square velocity, 

which is estimated based on its relationship to the fluid mean square velocity, 𝑉𝑝𝑦
′ 2̅̅ ̅̅ ̅̅ = 𝜉𝑉𝑓𝑦

′ 2̅̅ ̅̅ ̅̅
, 

where ξ is a parameter that equals to  1 (1 + 𝜏𝑐 𝜏𝐿⁄ )⁄ . Here, 𝜏𝑐 is the Cunningham corrected 

particle relaxation time and 𝜏𝐿 is the Langragian time scale. Furthermore, 𝑉𝑓𝑦
′ 2̅̅ ̅̅ ̅̅

is related to the 

dimensionless normal distance to the wall (y
+
), which is obtained from the following 

expression 
[44]

: 

 𝑉𝑓𝑦
′ 2̅̅ ̅̅ ̅̅ = (√𝑉𝑓𝑦

′ 2̅̅ ̅̅ ̅̅ )

2

=
0.005(𝑦+)2

1 + 0.002923(𝑦+)2.128
 (21) 

Furthermore, the effect of the roughness on the particle deposition is taken into account. It is 

assumed that a particle is deposited when its center of mass is at a distance r away from the 

effective roughness height, ks. 
[64]

 

The lower and upper boundary conditions may be expressed as follows: 

Upper boundary: 𝑦+ = 60 �̅�𝑝𝑦
𝑐+

= 0 𝐶𝑝
+ = 1 

(22) 
Lower boundary: 𝑦+ = 0.45𝑘𝑠

+ + 𝑟+ - 𝐶𝑝
+ = 0 

where 𝑟+ = 𝑟𝑢𝜏 𝜈⁄ , 𝑘𝑠
+ = 𝑢𝜏𝑘𝑠 𝜈⁄  is the normalized form of the particle radius and the 

roughness height 𝑘𝑠, respectively. 

For the estimation of the deposition velocity, the only input parameter is the friction velocity. 

This can easily be calculated based on the numerical results of the wall shear stress, 

 𝑢𝜏 = √
𝜏𝑤

𝜌𝑓
 (23) 

where 𝜏𝑤 is the wall shear stress, which is obtained from CFD simulation results. 
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Chapter 3   Results and Discussion  

3.1  Experimental measurements of particle emissions from a dry sliding wheel-rail 

contact in an environmental chamber (supplement Ⅰ) 

In this section, some representative experimental results with respect to particles from pin-on-

disk laboratory tests are illustrated and discussed. 

Fig. 5 shows how the measurements from the OPS instrument of the particle number 

concentration (PNC) varies over the test duration and the corresponding sliding distance for 

four sliding velocities: 0.1, 0.4, 1.2 and 3.4 m/s. Note, that different scales of PNC value were 

selected for each figure, namely 710
3
, 3.510

4
, 3.510

4
 and 1.410

5
 in Fig. 5a – 5d, 

respectively. The results show that the higher the sliding velocity is, the larger the PNC value 

is. In other words, a higher sliding velocity can produce more airborne particles. Specifically, 

the average PNC value for the case of a 3.4 m/s sliding velocity is 400 times larger compared 

to the case of a 0.1 m/s sliding velocity. To identify the particle generation mode, i.e. the 

particle size distribution of the OPS measurements for each test was analyzed and it is shown 

in Fig. 6. It can be found that submicron (fine and ultrafine) particles dominate the particle 

generation mode for each test. This trend is particularly certain for two high sliding velocity 

cases (1.2 and 3.4 m/s), where the fraction of fine and ultrafine particles is as high as 90%. 

However, more coarse particles are observed for the low sliding velocities cases (0.1 and 0.4 

m/s) compared to high sliding velocity cases (1.2 and 3.4 m/s). As indicated by the results in 

Fig. 5 and Fig. 6, a high PNC level consisting of ultrafine and fine particles is produced when 

the high sliding velocities (1.2 and 3.4 m/s) are implemented. This observation suggests that 

the wear takes place between the pin and the disc under high sliding velocities (1.2 and 3.4 

m/s) will result in the production of small particles, i.e. ultrafine and fine particles. According 

to 
[65]

, a sliding velocity larger than 1 m/s is able to elevate the temperature to several hundred 

Celsius degrees at the contact interface. This, in turn, triggers an oxidative wear process and 

results in a release of a substantial amount of small particles. Therefore, the oxidative wear 

might be the main generation mechanism of particles for the cases of high sliding velocities 

(1.2 and 3.4 m/s). This hypothesis is verified by using SEM combined with EDS analysis. 

The corresponding morphology and elemental analysis results with respect to the pin worn 

surface as well as for the collected particles are shown in Fig. 7-9. A smooth surface 

combined with the oxide layers were detected for the pin worn surface. It should be noted 
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that the images in Fig.7 are made by using a back scattered electron detector. As a 

consequence, the regions with a dark color show the active areas for oxide layers. This 

observation was supported by the EDS analysis of the sampling points (star marks in Fig. 7b 

and 7d). The average weight percentage (wt%) values of the iron, oxygen, silicon and 

manganese traces for the sampling points were 73.43%, 25.06%, 0.44%, 1.07%; 66.21%, 

33.04%, 0.23%, 0.52% for sliding velocities of 1.2 and 3.4 m/s, respectively. Furthermore, 

the homogeneous distribution of iron and oxide traces found in the observation of collected 

particles (Fig. 8 and Fig. 9) reveals that most of them existed in the form of iron oxide.  

  

(a) velocity of 0.1 m/s (b) velocity of 0.4 m/s 

  

(c) velocity of 1.2 m/s (d) velocity of 3.4 m/s 

Fig. 5. The particle number concentration measured by the OPS instrument for different sliding 

velocities, (a) 0.1 m/s, (b) 0.4 m/s, (c) 1.2 m/s, (d) 3.4 m/s. 

 

Fig. 6. Normalized particle size distribution measured by the OPS instrument for the whole test 

periods for four different sliding velocities. 
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Fig. 7. SEM micrographs of pin worn surfaces in the BSE modes for following velocities: 1.2 m/s (a, 

b) and 3.4 m/s (c, d). In addition, the star marks in b and d represent the sampling points used for the 

EDS composition determinations.  

 

  

 

 

 

  

 

 

Fig. 8. SEM elemental mapping data of collected particles on the filter of stage 6 (D=210 nm) of the 

ELPI+ instrument from the test with a sliding velocity of 1.2 m/s. 

  

Fig. 9. The topography and chemical compositions of collected particles on the filter of stage 2 

(D=22nm) of the ELPI+ instrument from the test with a sliding velocity of 3.4m/s. 

1.2 m/s

 

(a)

) 

 3.4 m/s

(b)

) 

 3.4 m/s

(c)

) 

 3.4 m/s

3.4 m/s 

3.4 m/s 

1.2 m/s 

(d)

) 

 3.4 m/s
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3.2  CFD simulation study of the dispersion of submicron particles in an 

environmental chamber (supplement Ⅱ) 

Part of the numerical results from CFD simulations with respect to the dispersion of 

submicron particles in the environmental chamber during the experiments are shown and 

discussed in this section. More detailed results are well documented in supplement Ⅱ. 

In Fig. 10, hundreds of air streamlines starting from a small two-dimensional circle around 

the center of the pin (Fig. 4a) are used to illustrate the particle flow path inside the test 

chamber at 240 s after a particle source has been released for four revolution speed cases: 55, 

220, 440 and 1000 r/min. The color of the streamlines represents the strength of the released 

particles. For a 55 r/min case, the source moves directly to the outlet by following a simple 

flow path. Different to what was found for a 55 r/min case, the flow path is much more 

complicated for the other three stronger spin cases. The source initially follows the strong 

vortex formed by the rotating disc and then disperses separately. Specifically, part of the 

source is firstly transported to the corner between the left and the back walls and then to the 

outlet (Fig. 4a). Part of the source is moved to the outlet rapidly while the rest interacts with 

some vortex and is dispersed by the turbulence inside the chamber. These remaining particles 

would suspend temporarily, and either deposit on the walls or the objects or leave the 

experimental setup from the outlet afterwards. As a result, there is a gap from the 

measurements of the particles at the outlet to the released particles from the pin-disk contacts.  

 

  
(a) (b) 

  
(c)  (d) 

Fig. 10. Streamlines that start from a circle around the center of a pin above the disc are colored by 

the source concentration in the four revolution cases: (a) 55, (b) 220, (c) 440, and (d) 1000 r/min. 
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In Fig. 11, a particle loss rate is used to estimate this gap, which is predicted as the fraction of 

the source that leaves from the outlet to the average amount of the added source. The 

variation in the particle loss rate for four revolution speed cases shows a similar trend: a rapid 

increase during the first 30 s and then a gradual growth till an almost stable level close to 

70%. This varying trend of particle loss rate can be explained by the particle transport. To 

start with, the added source was released from the pin and dispersed in the nearby region. 

This indicates a particle loss rate close to zero initially when no particles have yet approached 

the outlet. Thereafter, the source was transport to the outlet by the airflow, which caused a 

rapid increase in the particle loss rate. With a continuous feeding of source, a dynamic 

equilibrium has been established between the feeding source and the source representing 

particles leaves through the outlet by the turbulence inside the chamber. Moreover, the 

prediction of the particle loss rate suggests that only 70% of the generated particles will reach 

the outlet so that they can be detected by the particle counter instruments.  At the same time, 

the remaining 30% particles will stay and travel inside the chamber. According to the 

simulation results, a factor (0.7) can be obtained to estimate the gap between the actual 

amount of the generated particles and the experimental measurements. Also, this simulation 

study can provide referenced information for counting airborne wear particles during pin-on-

disk laboratory tests. However, it should be noted that this particle loss rate may be 

influenced by factors such as the air flow rate at the inlet and the particle size. Generally 

speaking, a higher air flow rate at the inlet produces stronger ventilation inside the test 

chamber. This, in turn, causes more particles to be transported to the outlet, i.e. a high particle 

loss rate. However, the particle release position and the complicated geometry of the pin-on-

disk machine may weaken the effect of the stronger ventilation. Furthermore, as the particle 

size increases to a micron size, the gravitational sedimentation dominates the particle 

transport behavior. As a consequence, particles are separated from the air flow, deposit inside 

the chamber so that they are unable to become airborne, which results in a low particle loss 

rate.  

Fig. 12 shows the Lagrangian tracking results of coarse particles with different Stoke 

diameters: 2.5, 5, 7.5, 10 and 25 µm. For each studied size, 120 parcels were released from 

the contact area between the pin and the disk. Each parcel included 10 particles. The 

developed flow field of 1000 r/min cases was used. During the simulation, the wall/obstacle 

treatment was set to ‘stick’ and the only exit was the outlet to reduce the computational time 

and to simplify the tracking issue.  As indicated by the results in Fig. 12, the number of 

particles that leaves through the outlet decreases with a bigger particle size. Significantly, a 
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reduction from 42 to 0 occurs when the diameter increases from 7.5 to 10 µm. It reveals that 

diameters between 7.5 and 10 µm would be the limiting size for generated wear particles to 

become airborne. Also, particles larger than 10 µm will have a high possibility of being 

deposited inside the chamber. It should be noted that the ‘stick’ boundary condition may not 

represent the real situation when particles hit the wall or the objects. A ‘bounce’ boundary 

condition may be more realistic. However, the required computational load is significant 

higher. To avoid that, an Eulerian model, which includes gravitational settling and deposition 

effects, is needed to be developed. 

 

Fig. 11. Particle loss rate variation with running time for four different disc revolution speeds: 55, 220, 

440, and 1000 r/min. 

 

Fig. 12. Limiting size of particles to be airborne inside the chamber for a study case of 120 parcels 

with different Stokes diameters released around the contact area between the pin and the disk. 
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3.3  An enhanced model study: a coupled drift flux and Eulerian deposition model 

(supplement Ⅲ) 

A coupled drift flux and Eulerian deposition model was presented to study the particle 

transport behavior for an extended particle size range, i.e. considering the gravitational 

settling and deposition effects. The simulation results were validated against the available 

experimental data 
[25]

. Moreover, several influential factors: particle size, density, roughness, 

the configuration of particle source (release position and duration) and furniture have been 

carefully investigated in supplement Ⅲ. Part of the representative results is shown in this 

section. 

Fig. 13 shows the comparison of the flow field between the simulation results and the 

experimental data 
[25]

 for nine monitor points along three positions, x=0.2, 0.4 and 0.6 m (Fig. 

4b) for an inlet velocity of 0.225 m/s.  The calculated x-velocity profile shows a good 

agreement with the measured data. The deviation mainly takes place at the upper part of the 

model room (Z= 0.3-0.4). The corresponding APD values are less than 10% and they are 

acceptable.   

Based on the developed flow field, 10 µm particles were released from the inlet for 1800 s. 

Meanwhile, the coupled drift-flux and Eulerian deposition model was implemented to predict 

the particle concentration profile in the model room. As shown in Fig. 14, a reasonable 

agreement is obtained for the particle normalized concentration field after 1800 s calculation 

for both of the two considered cases, 0.225 and 0.45 m/s. The APD values with respect to the 

concentration profiles along three positions from the simulation results to the experimental 

measurements 
[25]

 are in the range of 7.7-21.2%. According to the comparison results, the 

present model is considered to be validated against the experiments.  

The physical properties of airborne particles: the size, the density, the shape and the size 

distribution determine particle transport behavior in the air. It is of particular important that 

the particle concentration distribution highly depends on the particle size. This is attributed to 

that the gravitational setting and diffusion effects are strongly related to the particle size. In 

the current study, eight different particle sizes, 0.01, 0.1, 1, 2, 4, 6, 8, 10 µm were examined.   



24 

 

   

 
Fig. 13. A comparison of the simulation and experimental results with respect to the magnitude of the 

x-velocity at three different locations (x=0.2, 0.4, 0.6 m) for an inlet velocity of 0.225 m/s. 

   

   

 
Fig. 14. A comparison of the simulation and experimental results corresponding to the particle 

concentration profile after 1800 s at three different locations (x=0.2, 0.4, 0.6 m) for two inlet 

velocities: (a) 0.225 m/s, (b) 0.45 m/s. 

(b) 

(a) 
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Fig. 15. A comparison of simulation results with respect to the concentration profile of different 

particle sizes (C1-1 µm, C01-0.1 µm, C001-0.01 µm, C2-2 µm, C4-4 µm, C6-6 µm, C8-8 µm, C10-10 

µm) after 1800 s at three different locations (x=0.2, 0.4, 0.6 m) for an inlet velocity of  0.225 m/s. 

Fig. 15 shows the comparison results of the concentration profiles for all studied particle 

sizes at 1800 s with an inlet velocity of 0.225 m/s. It should be noted that the scale of the 

normalized concentration is different, namely 0.9-1 in Fig. 15a and 0-1 in Fig. 15b. It can be 

observed that two distinct manners of the particle concentration distributions are obtained, 

namely a more uniform and a non-uniform distribution. For 0.01, 0.1, 1 and 2 µm particles, 

an almost uniform concentration profile with a high concentration level (>0.9) was formed. 

However, it is apparent that a concentration gradient (non-uniform) was shaped for the 4, 6, 8 

and 10 µm particles. This distinction in the concentration distribution can be explained by 

that the gravitational settling effect becomes more dominating when the particle size 

increases from submicron to micron. At the same time, the bigger particles are naturally 

(a) 

(b) 
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supposed to deposit on the floor and the deposited amount increases. This, in turn, builds up a 

concentration gradient in the lower region close to the floor and reduces the homogeneity of 

the concentration profile. Therefore, it is crucial to understand and estimate the deposition 

effect on the particle concentration distribution. Two parameters were introduced, namely the 

deposition fraction and the deposited amount. The deposited amount, Dm and the deposition 

fraction ηd are calculated as follows: 

 𝐷𝑚,𝑡𝑜 = ∑ 𝐽𝑑

𝑡=𝑡0

𝑡=0

⋅△ 𝑡 (24) 

 𝜂𝑑 =
𝐷𝑚

𝐶𝑓
 (25) 

where Jd is the particle deposition flux (Eq. 17) onto the vertical walls and the floor, Cf is the 

feeding amount of the particle source from the inlet. 

(a) 

 
(b) 

 

Fig. 16. The predicted deposition results for released particles (1400 kg/m
3
) as a function of the 

particle diameter for two inlet velocities: 0.225 and 0.45 m/s, (a) deposition fraction, (b) deposited 

amount. 



27 

 

As shown in Fig. 16, the deposition fraction and the deposited amount are compared for eight 

particle sizes with two inlet velocities, 0.225 and 0.45 m/s. For a given air condition, ηd and 

Dm shows a similar variation trend with respect to the particle size. Specifically, ηd and Dm 

decreases initially from 0.01 to 0.1 µm and then increases significantly from 1 to 10 µm. This 

predicted trend is in accordance with the anticipated results of the deposition effect, i.e. can 

be related to the observed particle concentration distribution results.  

Furthermore, the rough surface is reported as one of the influential factors for the particle 

deposition in the indoor environment. In the present study, two material cases (smooth 

wallpaper and carpet) in Abadie’s experimental study 
[66]

 are considered to evaluate the 

predicted deposition results. According to Abadie’s results 
[66]

, the average weighted 

deposition velocity of particles, 𝑉𝑑,𝑎𝑤  can be estimated as follows in a rectangular chamber: 

 
𝛽 =

𝑉𝑑,𝑤𝑎𝑙𝑙 ∙ 𝐴𝑤𝑎𝑙𝑙 + 𝑉𝑑,𝑐𝑒𝑖𝑙𝑖𝑛𝑔 ∙ 𝐴𝑐𝑒𝑖𝑙𝑖𝑛𝑔 + 𝑉𝑑,𝑓𝑙𝑜𝑜𝑟 ∙ 𝐴𝑓𝑙𝑜𝑜𝑟

𝑉
 (26) 

 
𝑉𝑑,𝑎𝑤 = 𝛽

𝑉

𝐴𝑡𝑜𝑡𝑎𝑙
 (27) 

where 𝐴𝑤𝑎𝑙𝑙  , 𝐴𝑐𝑒𝑖𝑙𝑖𝑛𝑔  and 𝐴𝑓𝑙𝑜𝑜𝑟  are the areas of the vertical walls, ceiling and floor, 

respectively. Furthermore, V is the volume of the enclosure. The parameters  𝑉𝑑,𝑤𝑎𝑙𝑙  , 

𝑉𝑑,𝑐𝑒𝑖𝑙𝑖𝑛𝑔  and 𝑉𝑑,𝑓𝑙𝑜𝑜𝑟  are the deposition velocities to the vertical walls, ceiling and floor, 

respectively. The parameter 𝐴𝑡𝑜𝑡𝑎𝑙 is the sum of the surface area. However, the deposition 

that takes place onto the ceiling is neglected for micro-sized particles. 

 

Fig. 17. The average weighed deposition velocity as a function of the particle size in the range of 0.01 

to 10 µm for two surface materials, a smooth wallpaper and a carpet. 
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Fig. 17 shows a comparison of the results in the size range of 0.01 to 10 µm (aerodynamic 

diameter) between the predicted and measured data. For a given friction velocity of 0.04 m/s, 

a reasonable agreement (green curves) with the measured data is obtained. Moreover, the 

sensitivity of particle deposition on the rough surface becomes more pronounced for a higher 

friction velocity (uτ = 0.01 m/s, < 0.7 µm; uτ = 0.02 m/s, < 2 µm; uτ = 0.04 m/s, < 6 µm). 

However, considering a general indoor room, the average friction velocity is as low as 0.005 

m/s, which suggests that ‘sensitive size range’ would decrease to a much smaller size. 

Therefore, the predicted results indicate that the influence of surface materials on the micron 

particles can be neglected. On the contrary, surface materials may play an important role for 

submicron particles. This is due to that the roughness elements cause more submicron 

particles to deposit and to build up a large concentration gradient. As a consequence, the 

concentration gradient promotes a diffusion of submicron particles and eventually increases 

the deposited amount.     

As pointed out in the literature, the particle emission source could be diverse in indoor 

environments 
[11]

. As a consequence, the features of the particle source, such as the release 

location and duration, dominate the particle concentration distribution in a room and 

ultimately change the removal manner of particles. Therefore, it is interesting to consider a 

specific source in terms of different release locations and release durations. For the release 

location, two simple scenarios can be expected with respect to the indoor air condition, 

namely in the main airstream or away from the main airstream when the ventilation is 

operated. In the current study, an internal particle source (1 and 10 µm) was released 

continuously over a long time period of 1800 s. This was done from two single points located 

at the model room center with different heights, x=0.4, y=0.2, z=0.36 m (in the main 

airstream) and z=0.2 m (away from the main airstream). The used inlet velocity was 0.225 

m/s. Fig. 18 illustrates the particle concentration profiles at the symmetrical plane (Fig. 4b) at 

different time moments after the release, 30, 60, 180, 300, 600, 1800 s for four studied cases: 

Case A (1 µm, in the main airstream), Case B (10 µm, in the main airstream), Case C (1 µm, 

away from the main airstream), Case D (10 µm, away from the main airstream). The 

normalized concentration was used to depict the concentration distribution. As indicated by 

the results, the dispersion of an internal source in the room is found to be highly dependent on 

the source location. In Cases A and B, the variation of the particle concentration profile is 

similar to the source released from the inlet apart from the high concentration area is shifted 

from the inlet to an internal location. Different to what was observed in Cases A and B, a 

non-uniform concentration profile is formed for both the 1 and 10 µm particles in Cases C 
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and D. This can be explained by the absence of a sufficiently strong turbulent diffusion in the 

release location. As a result, the residence time of particles released from a location away 

from the main airstream would be extended.  

 Time Case A Case B  Case C Case D 

 

30 

s 

    

60 

s 

    

180 

s 

    

300 

s 

    

600 

s 

    

1800

s 

    

Fig. 18. A continuous internal particle release during 1800 s: the particle concentration profile at 

different elapsed time moments, 30, 60, 300, 600, 1800 s for Case A (1 µm, in the main airstream), 

Case B (10 µm, in the main airstream), Case C (1 µm, away from the main airstream), Case D (10 µm, 

away from the main airstream). 

For the source duration, it can be continuous or intermittent. It is also of concern that the 

common removal methods of particles in the room may not work for a short release period. 

Therefore, four simulation cases were carried out to study a release source over a shorter time 

period of 30 s at a single point in the model room. Specifically, 1 and 10 µm particles were 

studied. Two release positions were selected, which are the same as were used in the 

continuous release case. Fig. 19 shows the particle concentration profiles after the release at 

six time moments, 30, 60, 180, 300, 600, 1800 s for four studied cases: Case E (1 µm, in the 

main airstream), Case F (10 µm, in the main airstream), Case G (1 µm, away from the main 

airstream), Case H (10 µm, away from the main airstream). It should be noted that the scale 

presented by the color bar varies from 30, 60 s and the other four selected time moments. The 

scale decreases from 1, 0.15 to 0.1. In all cases, it can be found that the normalized particle 

concentration diminishes rapidly to a level around 0.1 at 60 s (30s after the release is stopped). 



30 

 

This quick reduction of the particle concentration is due to that most of particles either leave 

through the outlet by the air ventilation or due to that they deposit onto surfaces. However, 

two different manners of concentration profile variation from 60 to 1800 s are observed for 1 

and 10 µm particles. Specifically, the concentration field of 1 µm particles in Cases E and G 

are gradually decayed till zero at 1800s. It is obvious that 10 µm particles in Cases F and H 

have been totally removed from the room after 300 s. This difference can be explained by 

that the deposition effect for 10 µm particles is more significant than for 1µm particles. 

According to the simulation results, it suggests that the removal of 1 µm particles is more 

difficult than the removal of 10 µm particles for a short release time of 30 s for the studied air 

ventilation conditions. In addition, it is interesting to observe that the dispersion of the 

particle concentration field seems to be independent of the source location when a short 

release time of 30 s is conducted. 

 Time Case E Case F Case G Case H 

 

30 

s 

    

 

60 

s 

    

 

180 

s 

    

300 

s 

    

600 

s 

    

1800

s 

    

Fig. 19. An internal particle release during 30 s: the particle concentration profile at different elapsed 

time moments, 30, 60, 300, 600, 1800 s for Case E (1 µm, in the main airstream), Case F (10 µm, in 

the main airstream), Case G (1 µm, away from the main airstream), Case H (10 µm, away from the 

main airstream). 
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3.4  CFD simulation study of the dispersion and deposition of micron particles in a 

test chamber (supplement Ⅳ) 

In this section, the improved model in supplement Ⅲ was adopted for a simulation study of 

dispersion and depositions with respect to micron particles from pellet wear contacts during 

laboratory measurements. The influential factors, the air flow rate at the inlet and the particle 

with different micron sizes were investigated. The particles leave through the outlet and 

deposit on the considered areas is estimated by using the measurable fraction and the 

deposition fraction, respectively. Moreover, the predicted measurable fraction was used to the 

validation of the simulation results against the measured data.  

 

Fig. 20. The estimation of the measurable fraction at the outlet and the deposition fraction at three 

patched regions for studied particles with a diameter from 1 to 20 µm for the following four different 

air inflow rates: 5, 8, 10 and 20 l/min. 

A set of simulation cases have been carried out to study the particle transport behavior during 

tests.  Four volumetric flow rates (5, 8, 10 and 20 l/min) at the inlet and seven particle sizes 

(1, 2, 4, 6, 8, 10 and 20 µm) were examined. Based on the developed flow field, the particle 

source was released continuously over a period of 300 s from each pellet (221 in total) with a 

constant mass flux of 510
-6 

kg/s. In total, this corresponds to a flux of 1.10510
-3 

kg/s. The 

deposition on three areas, the inner walls of the object ‘uppcyl’, the outer walls of the object 

‘loadarm’ and the top surface of the object ‘porous plate’ (as shown in Fig. 4c)  were 

considered.  
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Two parameters, namely the measurable fraction, βm and the deposition fraction, βd are 

defined as follows: 

 𝛽𝑚 =
𝑀𝑒

𝑀𝑟
 (28) 

 𝛽𝑑 =
𝑀𝑑

𝑀𝑟
 (29) 

where Mr is the released particle amount from the pellets, Md is the deposited particle amount 

at three considered areas and Me is the exhausted particle amount from the outlet (Fig. 3(H)). 

 

    
 (a) (b) (c) (d) 

Fig. 21. Concentration profiles of 8 µm particles for four air inflow rates after a 300 s calculation 

completed at a cross section between the inlet center and the outlet center. Data are presented for the 

following flow rates: (a) 5 l/min, (b) 8 l/min, (c) 10 l/min, (d) 20 l/min. 

Fig. 20 shows the estimated results of the measurable fraction and deposition fraction. It is 

apparent that βm decreases while βd increases as the particle size increases from 1 to 20 µm for 

each air condition. To be specific, for the air flow rate of 5 l/min, βm decreases from 44.42% 

to 0% whereas βd increases from 1.17% to 56.16%. Moreover, it can be found that a higher 

air flow rate at the inlet leads to a higher value of βm and a lower value of βd for a given 

particle size. For the measurable fraction, a slight rise from 44.42% to 48.73% takes place for 

1 µm particles, whereas a significant increase from 0.69% to 21.91% occurs for 10 µm 

particles. It can be extracted from the results that the measurements of 4-10 µm particles are 

more sensitive to a stronger air flow condition than that of 1, 2 and 20 µm particles. In 

addition, it is obvious that 20 µm particles are too large to become airborne and they can 

hardly be measured at the outlet. By summing up the value of βm and βd for 1-10 µm particles, 

one can find that nearly 50% of the released particles are missing, In other words, they 

neither leave through the outlet nor deposit on the considered areas. A possible explanation is 

that particles drop to the bottom part of the porous plate and ultimately deposit. Fig. 21 shows 
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the concentration profiles of 8 µm particles at 300 s for four studied air flow rates. 

Apparently, a high particle concentration is obtained in the region below the porous plate. 

This observation is in line with the deduction of the missing 50% particles. Due to an absence 

of upward air streams, these particles would accumulate in the vicinity of the pellets, at 

bottom plate and at the neighbor walls. Furthermore, the simulation results are compared to 

the measured data regarding the particle mass flux close to the outlet. For the experimental 

measurements, the mass flux can be calculated as the product of the registered particle mass 

concentration and the used air flow rate, when particles are assumed to be spherical and to 

have a uniform density,  

 �̇�𝑝𝑖 = 𝐶𝑚𝑖�̇� (30) 

where 𝐶𝑚𝑖 represents the measured mass concentration in each diameter interval, �̇� is the air 

flow rate (10 l/min), and �̇�𝑝𝑖 is the relevant mass flux for an identified particle size. For the 

simulation results, the particles were released as an average mass flux from the experimental 

data divided by a factor (βm). The factor values of βm for 1 and 2 µm particles can be directly 

read from the results in Fig. 20. Despite that no direct estimated value of βm for 3 µm 

particles, it can be extrapolated by using a fitting curve between the measurable fraction and 

the particle size. The used factor values for 1, 2 and 3 µm particles are 0.4698, 0.453, 0.439 

for an air flow rate of 8 l/min. Moreover, they are 0.4769, 0.4635  and 0.4033, for an air flow 

rate of 10 l/min. The considered particle sizes (1, 2 and 3 µm) represent the three 

measurement stages of 12, 13 and 14 of the particle counter instruments (ELPI+). The mean 

geometry stoke diameters of stage 12, 13 and 14 is, 1.294, 1.926 and 3.195 μm, respectively, 

if the particle density is assumed to be 5000 kg/m
3
.  As shown in Fig. 22, the simulation 

results agrees well with the experimental data over a release duration of 300 s for both of two 

air flow rates, 8 and 10 l/min. The APD values for the particle mass flux from the simulations 

to the experiments are in the range of 4.93-12.02%. This good agreement suggests that the 

present model is feasible to be applied for such a particle emission measurement system.   
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 22. A comparison the particle mass flux at the outlet between the simulation results and the 

available experimental data for particles with diameters corresponding to 1, 2 and 3 µm for two air 

inflow rates: 8 and 10 l/min, (a) 1 µm, 8 l/min,  (b) 1 µm, 10 l/min,  (c) 2 µm, 8 l/min,  (d) 2 µm, 10 

l/min,  (e) 3 µm, 8 l/min,  (f) 3 µm, 10 l/min. 
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Chapter 4   Concluding Discussion 

The objective of this thesis is constrained to increase the fundamental understanding of the 

particle transport behavior in the airflow within an enclosed environment and to provide the 

guidance to model and measure the particle emission from pellets during steelmaking 

processes. Therefore, one supplement tries to discuss particles generated from wear of pellets, 

based on laboratory experiments.  

This work has been done based on four supplements. Both experimental and numerical 

studies were carried out to gain a better understanding of the particle transport behavior 

within an air flow in enclosed environments. The outline of the thesis is described in Fig. 1. 

In addition, Fig. 23 presents an extension of Fig. 1 to highlight the most important findings of 

each supplement as well as how the results provide information to the following supplement.  

In supplement Ⅰ, the experimental measurements of particle emissions from a dry sliding 

wheel rail contact were performed in an enclosed chamber with air ventilation. The 

characteristics of submicron (ultrafine and fine) particles in a case of a high sliding velocity 

were captured in terms of the particle number concentration and size distribution, and the 

morphology and chemical compositions. The experimental results can be used to validate the 

numerical study of the particle transport behavior in an enclosed environment. 

 In supplement Ⅱ, a three dimensional mathematical model was developed to investigate the 

dispersion of submicron particles inside the test chamber using CFD approach. The results 

indicate that the airflow pattern dominates the dispersion of submicron particles inside the 

chamber. By using an estimated factor, namely particle loss rate, the simulation results were 

comparable to the experimental data from supplement Ⅰ. Moreover, as indicated by the 

Lagrangian tracking results, the particles with an approximate diameter between 7.5 and 10 

µm were not able to become airborne for any given tests. This suggests that an improved 

numerical model is needed to understand the transport behavior with respect to micron sized 

particles in enclosed environments.  These results led to model development to be carried out 

in a supplement. 

In supplement Ⅲ, a coupled drift-flux and Eulerian deposition model was developed to 

study the particle transport behavior for an extended particle size range in enclosed 

environments. In this model, the gravitational separation and deposition effect were included. 

The simulation results were validated against available experimental measurements (7.7% < 
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APD < 21.2%). Several influential factors of particle size, surface materials (roughness) and 

source configurations (release location and duration) were carefully discussed. The 

understanding of the transport behavior of micron particles is increased and it can be 

implemented in a particle emission system. 

In the first three supplements, a fundamental understanding was obtained for the particle 

transport behavior in enclosed environments. Based on these results and discussion focusing 

on wear, it was decided to set up a laboratory test to study the particle generation due to wear 

of pellets. Therefore, in supplement Ⅳ, the dispersion and deposition of micron particles 

were investigated by using the present numerical model in a laboratory study that focused on 

the particle emission from the wear contact between pellets. The simulation results are in a 

good agreement (4.93% < APD < 12.02%) with the experimental data by using the predicted 

particle measurable fraction. It is also shown that a strong air supply at the inlet was observed 

to be beneficial for such measurements. In addition, the deposition has a major effect on the 

measurements of large micron particles (4–20 µm).  

Overall, the understanding of the particle transport behavior within the air flow in enclosed 

environments has been increased. A wide particle size range that comprises of both 

submicron and micron has been investigated. These fundamental findings from both 

experiments and simulations are anticipated to be used for a future study focusing on the 

particle emission from pellets during a steelmaking process. 
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Fig. 23. The main findings of the present thesis. 

 

 

 A coupled drift flux and Eulerian deposition model was presented. 

 The effects of gravitational settling and deposition were included for micron 

particles. 

 The numerical model was validated against the available experimental 

measurements. 

 The influential factors (particle size, roughness and source configuration) 

were carefully studied. 

 

 The airflow pattern dominates the dispersion of submicron particles. 

 The simulation results were comparable to the experimental data. 

 Large particles (7.5-10 µm) cannot become airborne during tests. 

 

 The characteristics of submicron particles (ultrafine and fine) were captured. 

 Provide the experimental data of submicron particles with respect to the 

particle number concentration and size distribution. 

 

 
Supplement Ⅱ 
CFD simulations of the dispersion of submicron particles inside the used test 

chamber 

Supplement Ⅲ 
Improve the numerical model to consider particles with an extended size range 

Supplement Ⅳ 
CFD simulations of the dispersion and deposition of micron particles in 

laboratory tests focusing on the particle emission from wear of pellets 

 
 The simulation results are in a good agreement with the measured data. 

 A higher air flow rate at the inlet is favorable for the measurement. 

 The deposition effect becomes more significant for micron particles. 

 

Supplement Ⅰ 
Experimental measurements of the particle emission in an environmental 

chamber 

 

Overall, the understanding of the particle transport behavior within the air 

flow in enclosed environments has been increased. Both submicron and 

micron particles have been investigated. The findings from both 

experiments and simulations can be used as referenced knowledge to a 

future study focusing on the particle emission from pellets during the 

production process of steels. 
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Chapter 5   Conclusions 

The following main conclusions may be drawn from the results of this thesis: 

Supplement Ⅰ 

 The sliding velocity was found to be a crucial factor to influence the generation of 

airborne wear particles in a dry sliding wheel rail contact. 

 Submicron particles were detected to dominate the particle generation. 

 The oxidative wear process was identified as the main generation mechanism of a 

substantial number of ultrafine and fine particles for a high sliding velocity contact 

case. 

Supplement Ⅱ 

 The air flow pattern was found to strongly affect the particle dispersion inside the test 

chamber. 

 According to the estimation of particle loss rate from simulations, a 30% portion of 

the entire particle generation failed to be captured at the outlet during the tests. 

 The limiting size to become airborne was observed to have a diameter of around 10 

µm. 

Supplement Ⅲ 

 A coupled drift flux and Eulerian deposition model was presented to integrate the 

effects of the gravitational separation, diffusion and deposition on the particle 

transport behavior in a model room. 

 The numerical results were validated against the available experimental data in terms 

of the particle concentration profiles (7.7% < APD < 21.2%). 

 The investigations of influential factors indicate that the particle concentration 

distribution and deposition are closely related to the particle size. The degree of the 

concentration distribution uniformity decreases as the particle size increases. For 

micron sized particles, the effect of the wall roughness (surface materials) on the 

particle concentration distribution can be neglected when the friction velocity is fairly 

small.  

 The removal of particles in the model room is closely related to the source release 

duration as well as the source release location.   
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Supplement Ⅳ 

 The dispersions and depositions with respect to micron particles were studied in a test 

chamber that focusing on the dust emission from wear of pellets. A good agreement 

of the mass flux (4.93% < APD < 12.02%) for 1, 2 and 3 µm particles at the outlet 

over a test period from 60 s to 300 s was obtained for flow rates of 8 l/min and 10 

l/min, respectively. 

 For any given air conditions, an increased particle size from 1 to 20 µm results in a 

lower measurable fraction and a higher deposition fraction.  

 An increase of the air flow rate from 5 to 20 l/min at the inlet was found to be 

favorable for the capture of emitted particles, i.e. an increase of the measurable 

fraction and a decrease of the deposition fraction. Nevertheless, nearly 50% of the 

total particle emission (1-20 µm) is not able to be captured during tests for studied air 

conditions. 
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Chapter 6   Future Work 

Despite the work in this thesis, it is useful to gain a further enhanced understanding of the 

particle transport behavior within the air flow in an enclosed environment. Based on the 

results in this thesis, the following studies are suggested to consider as future work: 

 The particle dispersion and deposition in non-isothermal environments i.e. to study 

the effects of the thermophoresis on the particle transport behavior. 

 Identify the overlapping effect at the boundary between the drift flux and deposition 

model.  

 Study coagulation issues with respect to a particle emission that is comprised of 

numerous of ultrafine particles. 

 Apply the findings in this thesis to measure and model the particle emissions from 

pellets during handling, transportation and charging processes. 
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