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Department of Applied Mechanics 
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Abstract 

Over the last years, the concern for environmental effects of different industrial 

applications has gained a great importance. One explanation for contributing to the 

global warming and air pollution is the release of particulate matter (PM) and carbon 

dioxide (CO2) from the increasing amount of vehicles that are serving our roads. New 

efficient engines are under constant development to utilize the fuels in a more 

efficient way. This also includes the exhaust aftertreatment system (EATS) that cleans 

the gases from the engine exhaust. 

Reducing the amount of released PM is of great importance to avoid contamination of 

our cities and avoid health problems such as cardiovascular diseases and lung cancer. 

This thesis aims to gain knowledge in the soot oxidation process to reduce release of 

PM to our environment.  

A unique In-Situ reactor from Chalmers, designed for detailed studies of soot 

oxidation, has been studied both with experiments and simulations using 

computational fluid dynamics (CFD). An iterative method has been applied between 

the experiments and the simulations were the outcome from the result is trying to 

improve the next setup. Experiments have been performed to study the oxidation 

process and simulations have been executed to study the behavior of the heat and fluid 

flow in the reactor to improve the reactor design and the way the reactor is operated.  

The results gave a good descriptions and understanding of the reactor behavior and its 

performance. The results include the obtained pressure drop and temperatures needed 

for reaction at different flow rates. As soot oxidation experiments have been executed, 

several conclusions have been drawn on the reaction dependencies of different 

temperature levels and oxidants, such as nitrogen dioxide (NO2) and oxygen levels 

(O2).     

Multiphase simulations have also been performed to study the effect of 

thermophoresis on the deposition of particles in the reactor. The results show that the 

particles follow the continuous phase well and that only a small effect of 

thermophoresis is obtained when the reactor is used with a continuous flow of air as 

the heat source as in the original design. The small effect of thermophoresis indicates 

that particle deposit on the glass tube won’t decrease the possibility to use the reactor 

In-Situ.  

 

Key words: In-Situ, soot, particulate matter, Printex-U, diesel particles, EATS, 

oxidation, thermophoresis  
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Ar Argon 

CFD Computational fluid dynamics 

CO Carbon monoxide 

CO2 Carbon dioxide 

DPF Diesel particulate filter 

DOC Diesel oxidation catalyst 

EATS Exhaust aftertreatment system 

HC Hydrocarbons 

H2O Water 

Kn Knudsen number 

NO Nitrogen oxide 

NO2 Nitrogen dioxide 

NOx Nitrogen oxides (NO and NO2) 

O2 Oxygen 

PM Particulate matter 

SCR Selective catalytic reduction 
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Nomenclature 

A Pre exponential factor    [-] 

Across Cross sectional area of particle   [m2] 

Airflow Referring to distributed air from small holes  

Air inlet Referring to air inlet with counter current flow 

Air outlet Referring to air outlet with counter current flow 

 Conversion     [-] 

C Speed of sound     [m/s] 

Cc Cunningham correction factor   [-] 

CD Drag coefficient     [-] 

Dp Particle diameter    [m] 

DT Thermophoretic coefficient   [-] 

E Energy      [Joule] 

EA Activation energy    [kJ/mole] 

FD Drag force     [kgm/s2] 

FB Brownian motion    [kgm/s2] 

FBouy Buoyancy force     [kgm/s2] 

FT Thermophoretic force    [kgm/s2] 

 Velocity fraction    [-] 

Gasflow Referring to gas mixture containing oxidants [-]  

gi Acceleration due to gravity   [m/s2] 

 Selectivity     [-] 

yi Height over reference    [m]  

Kn Knudsen number    [-] 

 Mean free path     [m] 

c Viscosity of continuous phase   [Pas]  

m0 Initial mass of soot    [kg] 

mp Mass of particles    [kg] 

M Mach number     [-] 

nf Number of injected particles per time step [#/s] 

nmax Maximum number of parcels in reactor  [#] 

P Pressure      [Pascal] 

pf Pressure losses     [Pascal] 

c Density of continuous phase   [kg/m3] 

d Density of particles    [kg/m3] 

R Gas constant     [J/moleK] 

Re Reynolds number    [-] 

Rep Particle Reynolds number   [-] 

St Stokes number     [-] 

 Residence time     [s] 

xp Particle response time    [s] 

f Characteristic time scale of the flow  [s] 

t Time step     [s]  

ui Velocity       [m/s] 

uc-ud Slip velocity     [m/s] 

VP Volume of particle    [m3]
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1 Introduction 

1.1 Background 

The effect of global warming due to release of greenhouse gases, such as carbon 

dioxide (CO2), and health problems due to air pollution of particulate matter (PM) 

have been severe the last years. This can be noticed both in climate change and for 

instance in increase of cardiovascular diseases [1]. Nevertheless, more heavy transport 

is driving on our highways and the amount of passenger cars is still increasing [2]. As 

long as the automotive industry produces vehicles that run by liquid fuels, emissions 

will always be an issue and cleaning of exhaust gases will be of utmost importance.  

  

Diesel engines produce a mixture of several different components that are released 

with the exhaust gases, either in form of gaseous compounds or solid particles. 

Common components include carbon dioxide, carbon monoxide, nitrogen oxides and 

a large variety of hydrocarbons [3]. The particles, known as particulate matter, can 

have various composition and are very small, typically a particle diameter of  

< 2.5µm with a subgroup including ultrafine particles with diameter < 0.1µm [3]. 

 

In order to reduce the amount of particulate matter a diesel particle filter (DPF) is 

commonly used, which significantly can reduce the amount of particles in the exhaust 

gas. Problems might however occur when implementing lab scale (experiments) 

results at full-scale production (DPF in diesel vehicle). In order to facilitate this 

transition, CFD simulations together with experiments can be a good tool to scale-up 

a model from lab scale and predict the behavior at commonly used DPF from 

industry. 

 

Using an In-Situ reactor with visual access would give the possibility to actually look 

at the oxidation, study effects of thermophoresis and monitor the heat front during 

combustion.  

 

1.2 Objectives of the thesis 

The aim of this master thesis is to characterize an In-Situ reactor designed at 

Chalmers for particle oxidation. This will be done by performing experiments with 

synthetic soot in the form of Printex-U, which will be heated to an appropriate 

temperature. The experiments will include different oxidants and concentrations to be 

able to discuss how, and what parameters that are affecting the oxidation process.   

 

Together with the experimental part, computational fluid dynamics (CFD) simulations 

will be performed to characterize the reactor. The CFD simulations will generate 

results of which operating conditions that are needed for the reactor to work 

satisfactory and oxidation to occur. The objectives of this thesis are: 

 

 To characterize the reactor in detail by studying the flow field, pressure drops 

and the temperature field with possible temperature gradients. Insulation of the 

reactor and measurements of temperatures and pressure drops with 

experiments will be performed that will be confirmed by CFD simulations.  
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 To implement a soot oxidation model into the CFD software ANSYS 

FLUENT and to perform preloaded soot oxidation simulations with synthetic 

soot (Printex-U) and a mixture of nitrogen dioxide, oxygen and argon as the 

carrier gas.  

 To predict the capture efficiency of dispersed soot particles, including the 

effects due to the presence of thermophoresis, via CFD simulations.  

 

1.3 Organization of the thesis 

This thesis is first presenting a theoretical background of the processes to clean the 

diesel engine exhaust and the commonly used equipment to perform these operations. 

The theory chapter also includes important phenomena for simulating multiphase 

flows as well as a basic background in computational fluid dynamics (CFD). The 

performed experiments and simulations are presented in two separate chapters while 

the result is presented and analyzed together.  

 

The thesis is finalized with a discussion of the work and some comments of the 

importance to continue this work and other activities within this research area in the 

future.  
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1.4 Methodology 

The intention with this project is to be an iterative project, performing both 

simulations and experiments. The result and outcome of the project will give better 

understanding of the soot oxidation and the designed In-Situ reactor. The iterative 

process can be found in Figure 1-1 with a cross reference to each individual result.  

 

 

 

  

Simulations

Mesh reactor from CAD drawing

Pressure drop simulations

See section 5.1

Determination of heat losses and  
preferred flow direction

See section  5.3 and 5.4

Implementation of oxidation model

See section 5.6

Thermophoresis and particle 
loading simulations

See section 5.8 

Iteration Experiments

Mount reactor, 
LabVIEW 

configuration

Pressure drop 
measurements

See section 5.1.1.1

Heating 
experiments

See section 5.5 

Preloaded soot 
experiments

See section 5.7 

Figure 1-1 Iterative process through the project. 
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2 Theory 

2.1 Particulate matter 

Particulate matter (PM) consists of several components in different mixtures, both 

organic and inorganic substances [1]. The chemical composition of the particulate 

matter will vary and depends on factors like engine type, fuel compositions and 

commonly consist of about 75% elemental carbon, 19% organics compounds and the 

rest inorganic compounds [3]. Inorganic compounds typically originate from wear, 

traces of lubricant oil and ash from combustion. 

 

Figure 2-1 is showing the size distribution of typical particulate matter. The solid line 

represents the number distribution while the dotted line represents the mass 

distribution and the y-axis is a normalized concentration. It is clearly seen that the 

major amount of particulate matter have a diameter below 50 nm while the mass 

distribution peaks at clearly larger particles in the so called accumulation mode, see 

Figure 2-1 [4].    

 

The greatest amount of the particulate matter exists in the so called nuclei mode 

region. These particles primarily consist of elemental carbon and are produced already 

in the engine due to combustion [3]. Due to several mechanisms occurring in the 

exhaust aftertreatment system they will increase in amount. Mechanisms such as 

cooling and condensation will form particles of hydrocarbons and ash as well. 

 

The larger particles found in the accumulation mode are typically formed from several 

smaller particles as well as from combustion. Due to the nanometer size, the surface 

area per volume is large which will tend to attract other particles and cause 

agglomeration [3]. Accumulation mode particles can also be formed due to 

condensation of sulfur compounds or hydrocarbons onto a carbon nuclei or ash 

particle, which will increase the particle diameter [3, 4]. A schematic figure of the 

accumulation mode particles are shown in Figure 2-2. 

 

 
Figure 2-1 Size distribution of particulate matter [4]. 
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Figure 2-2 Diesel particles and vapor phase compounds [5]. 

 

The coarse mode particles in Figure 2-1 are very small at a number distribution while 

the mass distribution is in the order of magnitude as the nuclei mode. These particles 

consist of accumulation mode particles that have been deposited on the exhaust 

aftertreatment system and later on re-entrained [4]. 

 

2.1.1 Health aspects of particulate matter 

Even though the ambient air concentration of particulate matter has decreased the last 

years due to efficient development of new exhaust aftertreatment systems, the levels 

present are still a health hazard [1, 6]. The concentration of particulate matter in air is 

not just a health risk but also contaminates the environment, decreases visibility, 

contributes to soiling of buildings as well as to increase of engine wear and fouling of 

aftertreatment systems [4].   

  

Several studies assess the smallest particles, nuclei mode, to be the most harmful [4]. 

Health hazards have been noticed both at short exposure and long term. Short term 

exposure of particulate matter can lead to dizziness and irritations of throat and eyes 

while long term exposure can have fatal consequences by respiratory diseases, 

reduced lung function and even lung cancer [1, 3]. 

 

The major problem with the particulate matter and the reason for high health risks are 

the size. With a particle diameter of nanometer size, the particles have good 

possibilities to penetrate and be transported by our respiratory system [7]. In 2013, an 

estimate of 2.1 million people worldwide died due to air pollution of PM [8].  

 

2.2 Diesel engines 

Diesel engines are widely used in several different areas such as automotive industry, 

trains, boats, industrial applications and many more. 

  

The diesel engine is categorized as a compression-ignition engine. This means that no 

external ignition source is needed for combustion. Primary air is compressed into the 

combustion chamber and when desired pressure and temperature is reached, an 

injection of diesel to the combustion chamber will cause self-ignition of the system. 
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Figure 2-3 Schematic view of exhaust after treatment system [9]. 

 

Diesel engines are much more effective than gasoline engines in combustion of 

hydrocarbons and almost no carbon monoxide is released. This due to the operating 

condition of high air-to-fuel ratio. Other benefits of the diesel engine are lower 

emissions at cold-start and almost zero emissions from evaporation during fuelling 

due to lower volatility of diesel than gasoline [10]. 

 

The major challenge for the diesel engine is to reduce the release of particulate matter, 

nitrogen monoxide (NO) and nitrogen dioxide (NO2) [10].  

 

2.2.1 Exhaust aftertreatment system (EATS) 

For efficient removal of emissions, the aftertreatment system consists of several 

components and separation stages. A schematic view of the different separation stages 

is shown in Figure 2-3. 

 

2.2.1.1 DOC 

The DOC, diesel oxidation catalyst, is a monolith reactor that is used to oxidize 

gaseous pollutants. Leftovers from incomplete combustion like carbon monoxide 

(CO) and different kinds of hydrocarbons (HC) are converted into carbon dioxide 

(CO2) and water (H2O) [11]. However, the catalyst is not selective for just 

hydrocarbons and will oxidize other compounds as well. This might lead to an 

increase of particulate matter when for instance sulfur dioxide (SO2) is oxidized and, 

as a consequence, sulfate particles are created [12]. This is however a minor issue 

since the sulfur level in modern fuels is very low. 

 

Oxidation of nitrogen compounds in the DOC will have a positive effect on the soot 

oxidation process since the reduction of particulate matter can be performed at lower 

temperature with NO2 compared to NO in the following separation stage, the diesel 

particulate filter [13].  

 

2.2.1.2 DPF 

The most common way to reduce particulate matter in diesel applications is to use a 

diesel particulate filter (DPF) [11]. The DPF consist of a monolith reactor but with 

one side of every channel being plugged i.e. every channel is open in one end and 

closed in the other. This design will force the exhaust gas to flow through the porous 

walls while the solid particles will deposit in the channels and pores, see Figure 2-4.  
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Figure 2-4 Schematic figure of DPF, a monolith with one plugged end of every     

channel [11]. 

This configuration reaches a capture efficiency of over 90% but with the drawback of 

an increased pressure drop [14].    

 

Figure 2-4 is showing a schematic description of a commonly used DPF design. One 

end of every channel being plugged and one open. At the right hand side of the figure, 

clean exhaust gas is leaving the system while particulate matter will deposit in the 

channels and as a consequence, very few solid particles will leave the DPF.   

 

2.2.1.3 DeNOx 

The last component of the exhaust aftertreatment system will reduce the nitrogen 

dioxides (NOx) concentration released to ambient air. There are several possible 

techniques but the most common is to use a selective catalytic reduction (SCR) 

catalyst, which is commonly used with ammonia (NH3) as the reducing agent [15]. 

 

2.3 Heat and fluid flow 

2.3.1 Concept of continuum 

Liquids and gases are commonly referred to as fluids. When properties like velocity 

and densities of fluids vary continuously from one point to another a fluid can be 

considered to consisting of continuous matter, i.e. continuum. Since fluids are 

consisting of a huge amount of molecules, it is not reasonable to predict the motion of 

every single one of them.  For instance, one cubic centimeter of atmospheric air 

contains 2.5·1019 molecules [16]. Considering an infinitely small control volume, the 

density of a fluid will change as the control volume is increased if not containing 

more molecules. However, if the control volume contains enough molecules, a 

statistical average can be obtained and a proper density can be defined. Thereby, the 

continuum assumption can be justified for fluids [17].  

 

2.3.1.1 Rarefied flows 

A possible way to judge whether the continuum concept is valid is to analyze the 

Knudsen number (Kn). The Knudsen number is defined as Equation (2-1). 

 

𝑲𝒏 =
𝝀

𝑳
     (2-1) 
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Where λ is the mean free path of the gas and L a characteristic length [18]. In order 

for the continuum concept to be valid, the Knudsen number must be less than 10-3 

[17]. For air at atmospheric pressure the mean free path is approximately 67 nm [11] 

and can be calculated according to Equation (2-2) [19]. 

 

𝝀 =
𝝁𝒄

𝟎.𝟒𝟗𝟗∙𝝆𝒄∙√
𝟖∙𝑷

𝝅∙𝝆𝒄

    (2-2)  

Where µc is the viscosity of the gas, ρc the density of the gas and P is the pressure. 

 

2.3.2 Navier-Stokes equations 

The Navier-Stokes equations were derived under assumption of fluids being regarded 

as continuum [17]. The Navier-Stokes equations are limited to macroscopic 

conditions and were derived from two fundamental principles: the conservation of 

mass and Newton’s second law of motion [20]. The principle of conservation of mass 

is commonly referred to as the continuity equation and for an incompressible fluid, 

written in differential form, it reads as Equation (2-3): 

 
𝝏𝒖𝒊

𝝏𝒙𝒊
= 𝟎    (2-3) 

   

The law simply states that mass cannot be created nor destroyed and that the rate of 

mass accumulation plus the net efflux of mass equals zero [17]. 

 

Newton’s second law of motion states that the force on a fluid in a control volume 

equals the sum of the momentum accumulation in that control volume and the net 

efflux of momentum from the control volume. The equations derived from Newton’s 

second law in three dimensions are known as the Navier-Stokes equations and is in 

Equation (2-4) written in differential form [11, 21]. 

 

𝝆 (
𝝏𝒖𝒊

𝝏𝒕
+ 𝒖𝒋

𝝏𝒖𝒊

𝝏𝒙𝒋
) = −

𝝏𝒑

𝝏𝒙𝒊
+

𝝏

𝝏𝒙𝒋
(𝝁

𝝏𝒖𝒊

𝝏𝒙𝒋
) + 𝝆 ∙ 𝒈𝒊  (2-4)  

 

The solution of these equations will yield a pressure- and velocity field, which gives 

information of the spatial and temporal variation of a fluid flow in a given system. 

 

2.3.3 Energy transport 

Solving the energy equation in a fluid flow also requires a transport equation. Energy 

can be divided into several subgroups such as kinetic energy, thermal energy and 

potential energy. The equation used and solved by Fluent for total energy is shown in 

Equation (2-5). 

 

               
 𝜕𝐸

𝜕𝑡
= −

𝜕

𝜕𝑥𝑗
[𝐸𝑈𝑗 − 𝑘𝑒𝑓𝑓

𝜕𝑇

𝜕𝑥𝑖
− 𝜏𝑘𝑗𝑈𝑘] + 𝑆𝐸   (2-5) 

 

Where the terms from left to right are accumulation of energy, transport of energy due 

to convection, conductivity, viscous dissipation and a source term, typical heat from a 

chemical reaction. 
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2.3.4 Computational Fluid Dynamics (CFD) 

Solving the Navier-Stokes equations is extremely computationally heavy for flow 

involving high Reynolds numbers and only possible for the simplest of problems. The 

reason for this is due to the second term on the left-hand side of Equation (2-4), which 

makes the equations a non-linear partial differential equation system. This requires the 

solution to be obtained numerically instead of analytically, a procedure that is 

possible with computational fluid dynamics (CFD).  

 

To enable a solution with CFD the entire domain of interest is divided into small sub 

volumes, i.e. cells. At these discretized cells, the governing equations can be 

reformulated as a set of linear algebraic equations and solved in an iterative      

manner [18]. 

 

2.3.5 Important parameters for analyzing multiphase flows 

In order to analyze multiphase flows, several different dimensionless numbers can be 

used. To most common is the Stokes number (St) and particle Reynolds number 

(Rep). The Stokes number is a ratio between the particle response time (xp) and 

characteristic time scale of the fluid (f). The Stokes number gives information about 

how the particle will follow or behave in the fluid and whether it follow the 

streamlines. According to the ratio, conclusion can be drawn that for low Stokes 

number (St<<1), the particle will follow the streamlines associated with the fluid well 

since the response time of the particle is very short comparing to the one of the fluid. 

At high Stokes numbers, the scenario is the opposite; it takes a long time for the 

particle to react to a change. The Stokes number is defined by Equation (2-6). 

 

𝑺𝒕 =
𝝉𝒙𝒑

𝝉𝒇
    (2-6)  

 

The particle response time is by definition the time required for a particle released 

from rest to achieve 63% of the free stream velocity [17]. The particle response time 

is defined by Equation (2-7): 

 

           𝝉𝒙𝒑 =
𝝆𝒅∙𝑫𝒑

𝟐

𝟏𝟖∙𝝁𝒄
∙

𝟐𝟒

𝑪𝑫∙𝑹𝒆𝒑
    (2-7)  

 

where d is the density of the particle, Dp the particle diameter, c the viscosity of the 

carrying phase, CD the drag coefficient and Rep the particle Reynolds number. If 

Rep<<1, the flow is said to be in the Stokes regime or Stokes flow and the factor 

24/CD·Rep in Equation (2-7) approaches unity for flows when the continuum 

assumption is verified [17]. 
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𝑹𝒆𝒑 =
𝝆𝒄∙𝑫𝒑|𝒖𝒄−𝒖𝒅|

𝝁𝒄
    (2-8)  

The particle Reynolds number is defined by Equation (2-8). Where c is the density of 

the carrying phase, Dp the particle diameter, c the viscosity of the carrying phase, uc 

the velocity of the carrying phase and ud the velocity of the particle.  

 

2.3.6 Motion of a particle 

To derive the equation of motion of a particle dispersed in a fluid, Newton’s second 

law of motion is being applied. By integrating over the entire particle surface and 

evaluate the pressure- and viscous forces as well as the body forces, the motion can be 

decided as the net action of these forces [22].  

 

𝒎𝒑
𝒅𝒖𝒑,𝒊

𝒅𝒕
= 𝒎𝒑 ∙ 𝒈𝒊 + ∮ [−𝒑 ∙ 𝜹𝒊𝒋 + 𝝁 (

𝝏𝒖𝒊

𝝏𝒙𝒋
+

𝝏𝒖𝒋

𝝏𝒙𝒊
)] 𝒏𝒋𝒅𝑺

 

𝒔
  (2-9)  

 
To solve Equation (2-9) the exact motion of the fluid around the particle need to be 

resolved which is only possibly for a few numbers of particles and today not possible 

for common industrial applications. Instead, Equation (2-9) needs to be modeled. This 

is done by summation of forces (Fi) according to Equation (2-10) where every force 

considered affecting the solution would be added, using the averaged properties for 

the fluid in that computational cell. The forces applied and considered in this thesis 

will be further explained in the following sections.  

 

𝒎𝒑
𝒅𝒖𝒑,𝒊

𝒅𝒕
= ∑ 𝑭𝒊   (2-10)  

 

2.3.6.1 Drag force 

The drag force (FD) is commonly the most important force for particle-fluid 

interaction. The drag force arises when a particle is being exposed to a velocity field 

and acts opposite to the relative motion of the particle [23]. The drag force is 

expressed in Equation (2-11): 

 

𝑭𝑫 =
𝟏

𝟐
𝝆𝒄 ∙ 𝑪𝑫 ∙ 𝑨𝒄𝒓𝒐𝒔𝒔|𝒖𝒄 − 𝒖𝒑|(𝒖𝒄 − 𝒖𝒑)  (2-11)  

 
uc-up is known as the relative velocity between the continuous phase and the particle 

or commonly the slip velocity [17]. Across is the cross sectional area of the particle, c 

the density of the continuous phase while CD is the drag coefficient. For Stokes flow 

(Rep<<1), the drag force can be calculated directly (provided the continuum concept 

is valid) but for larger Reynolds numbers, the drag force must be modeled through 

CD. 
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Figure 2-5 Standard drag curve, drag coefficient as a function of Reynolds number [17]. 

The drag coefficient is a function of several parameters such as particle shape, Mach 

number and Reynolds number [24]. For the simplest of cases, a non-rotating sphere, 

the drag coefficient is only a function of the Reynolds number and can be estimated 

from Figure 2-5, this is commonly known as the standard drag curve [17, 18]. 

 

2.3.6.2 Buoyancy force  

The buoyancy force (Fi,Buoy) or gravity force originates from Archimedes’ principle 

that simply states that the buoyancy force exerted on an object equals the weight of 

the fluid that the body displaces. The force acts opposite the direction of gravity and is 

expressed in Equation (2-12) [25]. 

 
𝑭𝒊,𝑩𝒖𝒐𝒚 = (𝝆𝒑 − 𝝆𝒄) ∙ 𝑽𝒑 ∙ 𝒈𝒊   (2-12)  

 
Where ρc is the density of the continuous phase, ρd is the density of the particle, Vp the 

volume of the particle and gi the gravity. Buoyancy force is categorized as a body 

force and is the most common one. Other body forces include Coulomb forces, which 

are only affecting a system exposed to an electric field and the thermophoretic force 

[17]. 

 

2.3.6.3 Thermophoretic force 

In a dispersed gas-solids system of nanoparticles, a thermophoretic force arises from a 

temperature gradient in the continuous phase and imposes a net force on the particles 

in the direction of decreasing temperature [26]. The motion of a particle due to this 

force is called thermophoresis, but the phenomenon only affects submicron particles 

[18, 27]. The force is given by Equation (2-13). 

 

𝐹𝑇 = −𝐷𝑇 ∙
1

𝑇
∇𝑇    (2-13) 

 

where DT is the thermophoretic coefficient, T the temperature and T the temperature 

gradient. 



 

 CHALMERS, Applied Mechanics, Master’s Thesis 2015:08  13 

 

 

 
Figure 2-6 Particle motion due to Brownian motion [17]. 

 

2.3.6.4 Brownian motion 

For small particles (particle diameter <1m), Brownian motion is significant. 

Brownian motion is a diffusion process which is arises due collisions between 

particles and molecules and is thereby a random motion. Particles either suspended in 

gases or liquids are affected by Brownian motion but the fluctuations will be higher 

with a gas as the carrying phase [17]. The force due to Brownian motion is expressed 

in Equation (2-14). 

 

𝐹𝐵 = 𝑚𝑝 ∙ 𝜁𝑖√
𝜋∙𝑆0

∆𝑡
    (2-14) 

 

Where I is a random number and S0 is a function of the particle diameter and density, 

temperature and the Cunningham correction factor. 

 

2.4 Pressure drop 

To describe a system properly, pressure is often of great importance. When designing 

new reactors or other mechanical equipment, considerations must always be taken to 

the pressure so the equipment can withstand the pressure it is being exposed to. 

Pressure can both be applied to a system statically and be built up inside a volume due 

to pressure drop from a fluid flow.  

 

The most commonly and applied way to describe pressure drop is by the Bernoulli 

equation described in Equation (2-15) [23].  

 

𝑔 ∙ 𝑦1 +
𝑣1

2

2
+

𝑃1

𝜌
= 𝑔 ∙ 𝑦2 +

𝑣2
2

2
+

𝑃2

𝜌
   (2-15) 

 

Where yi is the height, vi the velocity, Pi the pressure, g the gravitational constant and 

 the density of the fluid. 

 

The equation were developed during the assumptions of inviscid- and steady flow, 

incompressible flow with no heat transfer or work being applied to the system.  

If friction and losses is taken into considerations, Equation (2-15) is extended 

according to Equation (2-16) [28]. 
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𝑔 ∙ 𝑦1 +
𝑣1

2

2
+

𝑃1

𝜌
= 𝑔 ∙ 𝑦2 +

𝑣2
2

2
+

𝑃2

𝜌
+ ∆𝑝𝑓   (2-16) 

 

 

Where pf is the pressure drop or loss between point 1 and 2. The factor pf is a 

function of length and diameter of the pipe, Reynolds number, as well as the friction 

factor of the pipe material and velocity. As pf is increasing with increased velocity, a 

larger volumetric flow will generate a larger pressure drop [28]. 

 

In addition to this, there will always be losses in pipe openings, which can be 

described by a coefficient of discharge. This coefficient will always be less than unity 

and thereby giving an outlet velocity lower than calculated with the Bernoulli 

equation for an ideal case [28]. If a fluid flow from a pipe is entering the ambient air, 

the pressure is always atmospheric. This means that the pressure drop will be the built 

up, overpressure, in the interior volume.  

 

2.4.1 Mach number 

Mach number (M) is a dimensionless number, describing the ratio of a fluid velocity 

and the speed of sound according to Equation (2-17) [23]. 

 

𝑀 =
𝑣

𝐶
      (2-17) 

 

Where v is the fluid velocity and C the speed of sound. Parameters that are affecting 

the value of speed of sound are temperature and pressure [28].  

 

Liquids are normally treated as incompressible while gaseous compounds are 

compressible. Whether compressible effects are of importance is often judged by 

analyzing the Mach number. As a rule of thumb, gases can be treated as 

incompressible when M<0.2-0.3 with a negligible calculation error [23]. Effects that 

do occur at larger Mach numbers consist of formation of shockwaves, density 

increase of the gas and larger drag coefficient [17].  
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2.5 Kinetic models 

This chapter describes the chemical reactions occurring in the oxidation process of 

soot. When simulating the reactions, soot is considered to solely consist of carbon (C).  

2.5.1 Oxidation with NO2 

The overall reaction formula used to describe the soot oxidation can be seen in 

Equation (2-18) [29]. 

 
𝑪 + (𝟐 − 𝜸)𝑵𝑶𝟐 → 𝜸𝑪𝑶 + (𝟏 − 𝜸)𝑪𝑶𝟐 + (𝟐 − 𝜸)𝑵𝑶  (2-18)  

Carbon (C), represents the synthetic soot and  represents the selectivity towards 

different products, which will vary with temperature and is increased with increased 

temperature.  

 

𝒌 = 𝑨 ∙ 𝒆
[−

𝑬𝒂
𝑹

(
𝟏

𝑻
−

𝟏

𝑻𝒓𝒆𝒇
)]

     (2-19)  

By using the Arrhenius expression in Equation (2-19) where A is a pre-exponential 

factor, Ea the activation energy and R the gas constant, the final rate expression 

becomes (2-20): 

 

𝒓 = 𝒌 ∙ 𝒇(𝜶) ∙ (𝑷𝑵𝑶𝟐
∙ 𝟏𝟎𝟎𝟎)

𝜷
∙ 𝒎𝒐   (2-20)  

 

Where f(α) is calculated as Equation (2-21) and α is the conversion, k the rate 

constant, PNO2 the partial pressure of NO2 and m0 the initial mass of soot. Thereby the 

product f(α)·m0 becomes the remaining mass soot on the monolith layer. 

 

𝒇(𝜶) = 𝟏 − 𝜶     (2-21)  

 

2.5.2 Oxidation with NO2 + O2 

Performing oxidation with both nitrogen dioxide and oxygen will add a second 

reaction, which will occur in parallel with Equation (2-18). 

 

𝑪 + (𝟏 − 𝟎. 𝟓𝜸)𝑶𝟐 → 𝜸𝑪𝑶 + (𝟏 − 𝜸)𝑪𝑶𝟐   (2-22)  

Using Equation (2-18) and (2-22) combined, the rate expression will be updated 

according to Equation (2-23) [29]. 

 

𝒓 = 𝒌 ∙ 𝒇(𝜶) ∙ (𝑷𝑶𝟐
∙ 𝟏𝟎𝟎)

𝜷
∙ (𝑷𝑵𝑶𝟐

∙ 𝟏𝟎𝟎𝟎)
𝜷

∙ 𝒎𝒐  (2-23)  

 

Data of constants are found in Appendices D. As the products from Equation (2-23) 

exist in Equation (2-18), there is however impossible to judge whether the oxidized 

carbon is reacting with oxygen (O2) or NO2. 
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2.5.3 Thermodynamic equilibrium 

The presence of oxygen in the gas mixture has one other positive effect in the 

oxidation process except than oxidizing the soot. The activation energy of the mixture 

is lower than with pure NO2, which enhances oxidation at lower temperatures. The 

mixture has previously shown formation of CO2 below 400C while pure NO2 and 

pure O2 start to oxidize soot just above 400C and 550C respectively [29].  

 

One explanation for this is that NO2 is naturally decomposing to NO according to 

Equation (2-24) [30]. 

 

2𝑁𝑂2 ↔ 2𝑁𝑂 + 𝑂2    (2-24) 

 

The equilibrium is determined by the concentration of oxygen, large amount of 

oxygen generating large amount of NO2. This means that oxygen is stabilizing the 

NO2 and thereby more NO2 is available for oxidation. The thermodynamic 

equilibrium is dependent on temperature as shown in Figure 2-7 and calculated by 

properties such as entropy and enthalpy. 

 

 
Figure 2-7 Concentration of NO2 at different temperatures with different concentrations 

of O2   (5%, 10% and 15%). 
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3 Experiments 

3.1 Reactor design 

The reactor used for both experiments and simulations is designed and constructed 

according to Figure 3-1. 

 

As can be seen from Figure 3-1 the reactor will have three possible In-Situ options, 

one on each side and one on the top where combustion of Printex-U can easily be 

observed. The construction consists of stainless steel and quartz glass with high 

thermal resistance that will be needed at high operating temperature (>400°C). There 

is one inlet and one outlet where the exhaust gas will flow and, outside of this section, 

the reactor will be isolated by a flow of hot air. On each side there will also be 

possibilities to measure temperature by inserting a thermocouple.  

 

Figure 3-2 is showing the in- and outside of the rear part of the reactor. The straight 

pipe is to be used as the entrance of a thermocouple and the bent pipe for inlet flow of 

hot air as insulation. As the air enters the outer part of the reactor volume it is spread 

by 24 holes to obtain an even distribution of air throughout the reactor volume. 

Maintaining constant temperature is very critical during experiments with chemical 

reactions since chemical kinetics are highly dependent on temperature [31]. The 

exhaust gas will flow in a inner glass pipe placed in the center between the two ends, 

see Figure 3-3. 

  

The length of the glass pipe for the gas flow is 152.4 mm (6 inch) with an inside 

width and height of 12 mm. The cross sectional area available for airflow is 1740 

mm2. The diameter of the 24 air holes is 0.75 mm at the inlet while they are 0.5 mm at 

the outlet, provided that the air is flowing counter current. 

 

 

 
Figure 3-1 CAD drawing of the reactor. 
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Figure 3-2 One side of the reactor, holes can be seen for air distribution. 

 
Figure 3-3 Cross section of the reactor. Arrow pointing right shows the gas flow while 

the two arrows pointing left describes the airflow. The top layer of the monolith can be 

seen in the middle of the reactor as a grey line. 

 

As can be seen from Figure 3-2, the air enters at the bend pipe (left) and is spread by 

24 holes of smaller diameter (right). For results of pressure drop calculations, air inlet 

and outlet is referring to Figure 3-2 with different diameters.  

 

3.2 Experimental set-up 

Experiments were performed to study the oxidation of synthetic soot. The formation 

of CO2 was monitored by a mass spectrometer, which distinguishes molecules by 

their molecular weight. The exhaust gas was fed to the mass spectrometer from the 

reactor with argon (Ar) as inert gas. By calibrating the spectrometer with known 

concentrations of CO2, the oxidation of soot can be studied by analyzing the 

concentration of CO2 leaving the system.  

 

Printex-U was applied onto the monolith as Figure 3-5a. An estimated mass of 1 mg 

soot was applied but with poor scale accuracy at these low weights, the exact amount 

of soot is only known by integrating the amount of carbon leaving the reactor system. 

It is therefore important to achieve a complete combustion of the applied Printex-U.  

 

Four thermocouples were used at different positions in the monolith channels for 

monitoring the temperatures during experiment according to Figure 3-4. In addition to 

this, the temperature was measured outside the reactor to not exceed the temperature 

specification of the heat tape as well as the gas inlet temperature that controlled the 

regulator of the heat tape. Between the reactor exhaust and the spectrometer, a filter 

was applied to separate unburned particles from the spectrometer.  
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Figure 3-4 Position of the four thermocouples in the monolith channels. The length 

refers to how far the thermocouples are placed in the monolith. 

 

Before an experiment was conducted, heat tape was also applied to the reactor volume 

and the complete setup was isolated with glass wool and aluminum foil according to 

Figure 3-6b. While heating the reactor to a proper temperature, a flow of argon 

through the reactor was applied to ensure zero concentration of air in the reactor. 

 

The experiment was performed at a constant temperature of 430C and a total 

volumetric flow of 330 ml/min. Several different concentrations of oxidants levels 

were investigated during one long consecutive run. These were as follows: 

 

 1500 ppm NO2 

 1500 ppm NO2 and 10 % O2 

 1500 ppm NO2 and 15 % O2 

 1500 ppm NO2 and 5 % O2 

 2000 ppm NO2 and 5 % O2 

 1000 ppm NO2 and 5 % O2 
 

The flow of gas species and inert gas of argon were all controlled by mass flow 

controllers from Bronkhorst. Before every new concentration of oxidants was 

examined, a fifteen-minute flow of inert argon was applied to ensure a clean system 

from the previously tested concentrations.    

 

 
a     b 

Figure 3-5 a. Synthetic soot applied onto the monolith. 

           b. No remaining soot after experiment. 
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a      b 

Figure 3-6 a. Reactor insulated with glass wool and aluminum foil. 

      b. Reactor system assembled before insulation. 
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4 Simulations  

This section describes how the simulations were performed and under which 

conditions. As mentioned earlier, the simulations aim to gain knowledge in how to 

perform appropriate experiments and evaluate these conditions for improving the 

experimental set-up.  

 

All simulations were performed using ANSYS Fluent 15.0 while meshing and 

geometry were conducted in GAMBIT 2.4.6. 

4.1 Geometry 

The geometry used for simulations were the same as for the experiments which can be 

noticed in Figure 3-1. However, some modifications from the existing CAD-drawing 

were needed to obtain a proper computational mesh. These modifications included 

removal of screws and associated holes. Together with this, the elongated holes for 

securing the reactor were removed to decrease the amount of cells used since these 

were not considered to affect the results of the simulation. The pipes for inserting 

thermocouples were also deleted for the same reason.  

 

Since the 24 holes on each side were designed with a very small diameter (<0.75mm), 

a very fine mesh is needed to resolve this area of the reactor, which would be very 

computationally heavy. Therefore, a user defined function (UDF) was constructed to 

mark the position of inlet- and outlet holes and air was injected and discarded from 

these coordinates by the UDF. This method also allowed removal of the air pipes as 

well as the interior part of each side.  

 

The simplified CAD-drawing can be seen in Figure 4-1. Pipes for thermocouples and 

airflow are removed. The simulations were performed in 3D. The dimensions 

according to Figure 4-1are:  

 

 A: 103 mm 

 B: 152.4 mm 

 C: 53 mm 

 D: 70 mm 

 
Figure 4-1 Simplified CAD-drawing. 
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4.2 Mesh generation  

Meshing is one of the most critical and important steps in the process to generate an 

accurate simulation and to avoid numerical problems with convergence. 

 

Since it is hard to evaluate the mesh before any results are obtained, a mesh was first 

constructed in the meshing software. This mesh was later on refined in areas of 

interest with large gradients in Fluent. In general, this procedure produces lower 

quality cells but the total amount of cells will be fewer and the simulations therefore 

less computational demanding [18]. The total amount of cells before and after 

adaption was approximately 1 million and 1.2 million respectively.  

 

4.3 Simulation of hot air flow  

The possibility to use a UDF as inlet- and outlet source for the air will significantly 

reduce the amount of cells needed for the total volume, because holes with a diameter 

of <0.75 mm would not be needed to be resolved. A volume and geometry of the air 

was created from the inlet until it enters the reactor volume through the 24 holes. The 

geometry was separately meshed with approximately 500 000 cells and the air flow 

through it was simulated. The result from this simulation gives knowledge of how the 

distribution of air should be described by the UDF. The volume can be seen in Figure 

4-2. Same geometry was used to calculate the pressure drop of the air where the air 

exits the reactor volume. 

 

 

 

 
 

Figure 4-2 Volume of the interior air at air inlet (counter current flow). 
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4.4 Multiphase simulations 

When simulating multiphase flow, the aim was to evaluate how the thermophoretic 

force affected the particles. In order do that, two different cases were simulated: one 

where a temperature gradient was present and one with a uniform temperature in the 

whole reactor volume. Comparing these two simulations gives knowledge if 

thermophoresis increases the number of particles migrating to the glass tube and 

thereby decrease the possibility to perform In-Situ experiments.   

 

To be able to track each individual particle, Euler-Lagrange was chosen as the 

multiphase model and due to very small size of the particles, one-way coupling was 

applied since the particles were assumed not to affect the continuous phase which is 

reasonably due to the low Stokes number (see Appendices A). To represent real soot, 

size distributions of particles were applied and injections of particles were present 

with diameters of 20, 50, 100 and 150 nm. Important forces acting on the particles 

were assumed to be thermophoretic force, gravity, drag force and Brownian diffusion 

[11].   

 

Due to large Knudsen number (refer Equation (2-1) and Appendices A), the drag law 

was corrected with the Stokes-Cunningham factor from Equation (4-1) [32]. 

 

                                    𝐶𝑐 = 1 +
2∙𝜆

𝐷𝑝
∙ (1.257 + 0.4𝑒−

1,1∙𝐷𝑝

2∙𝜆 )                         (4-1) 

 

Where λ is the mean free path of the gas, calculated from Equation (2-2) and Dp is the 

particle diameter. For values of Cc, refer Table A-1 in Appendices A.  

 

During the simulations, the momentum- and energy equations were first solved to 

obtain a correct flow field. When the flow field was solved, particles were released 

from the gas inlet and tracked throughout the volume. The boundary conditions for 

each surface with respect to the particle are found in Table 4-1.   

 

 

 
Table 4-1 Boundary conditions for particles on different surfaces. Reflect will perform 

an elastic collision while escape will store particles and enable analysis of the impinging 

particle properties on these surfaces. 

Position Boundary condition 

Gas inlet Injection, reflect 

Walls Reflect 

Gas outlet Outlet, escape 

Monolith layer Escape 

Glass pipe walls Escape 
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5 Results 

In this chapter, both results from experiments and simulations are presented. While 

the results are presented with comments of every table and figure, a comprehensive 

discussion concerning the results is found in chapter 6 Discussion. 

 

5.1 Pressure drop 

Chapter 5.1 shows the results of the pressure drop simulations. For exact geometry of 

the result, refer Figure 3-2 and Figure 4-2. A low pressure drop is important to 

minimize leakage between the gas mixture and the airflow. 

 

5.1.1 Air inlet 

Pressure drop simulations were performed over both sides of the reactor, where air 

enter and exits reactor volume. The result for air inlet, assuming counter current flow, 

can be seen in Table 5-1. The conditions where air of 400°C and atmospheric ambient 

pressure. For room temperature (25°C) the volumetric airflow would decrease with 

57% due to density increase. 

 
Table 5-1 Pressure drop at air inlet, holes with diameter of 0.75 mm. 

Air flow 

[l/min] 

Velocity at inlet 

[m/s] 

Pressure drop 

[Pa] 

Reynolds number at 

inlet 

20 12 1505 1114 

40 24 5741 2228 

60 35 12092 3342 

80 47 21779 4515 

100 59 34373 5570 

150 88 76130 8355 

 

 

5.1.1.1 Air inlet, simulations and experiment 

Experiments and simulations were performed to evaluate the pressure drop over the 

end side of the reactor, where the air enters, and assuming counter current flow. The 

conditions were ambient air of atmospheric pressure and airflow of 20°C with varying 

flow rate. The result can be seen in Figure 5-1. It can be noticed that the result from 

experiments and simulation agree well. From this graph, it can be concluded that 

further simulations of pressure drop at various conditions can be reliable.       



 

 

26  CHALMERS, Applied Mechanics, Master’s Thesis 2015:08 

 

 

 
Figure 5-1 Pressure drop over air inlet (counter current flow) at 20°C, blue indicating 

experimental values and green simulations. 

 

5.1.2 Air outlet 

Pressure drop calculations were performed for the side of the reactor where the air 

exits. The result can be seen in Table 5-2. As expected the pressure drop increases 

with increased volumetric flow of air. The conditions were atmospheric pressure at 

outlet and an air temperature of 400°C. The pressure seen in Table 5-2 will be the 

gauge pressure in the reactor. The pressure drop over air outlet compared to the air 

inlet will be larger since the diameters of the holes are 0.5 mm and 0.75 mm 

respectively. Boundary condition of velocity inlet was applied, i.e. same velocity at all 

inlet holes, calculated from the total volumetric flow. 

 
Table 5-2 Pressure drop at air outlet, holes with diameter of 0.5 mm. 

Air flow 

[l/min] 

Velocity at inlet 

[m/s] 

Pressure drop 

[Pa] 

Reynolds number at 

outlet 

20 71 2281 1114 

40 141 8667 2228 

60 212 19067 3342 

80 283 32067 4515 

100 354 52159 5570 

150 531 116811 8355 

 

 

5.1.3 Air outlet with various hole diameters 

As noticed from Table 5-2, the pressure of the air outlet side of the reactor is very 

large and thus the gauge pressure in the reactor. High pressure would increase the risk 

for air entering the gas mixture and thereby be source of error in the experiments. A 

larger diameter of the holes will however decrease the pressure drop. To investigate 

whether to increase the hole diameter or not, a study was performed for various hole 

diameters. The conditions for all these simulations were airflow of 400°C and a  
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Figure 5-2 Air velocity at air outlet [m/s]. Diameter of 2 mm. 

 

boundary condition of uniform pressure was applied. This would give knowledge 

about the air distribution and flow field of the air since the velocity will vary 

throughout the holes with larger diameter. A turbulence model of SST k-ω was used 

as well as compressible ideal gas properties since Mach numbers  > 0.3 were found. 

 

A dimensionless velocity fraction of ɸ was used for analysis, which was defined as 

Equation (5-1). 

 

𝚽 =
𝒗𝒎𝒂𝒙𝒊𝒎𝒖𝒎−𝒗𝒎𝒊𝒏𝒊𝒎𝒖𝒎

𝒗𝒂𝒗𝒆𝒓𝒂𝒈𝒆
    (5-1)  

Where the maximum velocity was assumed to occur at the lowest positioned hole, 

close the outlet and the minimum velocity were assumed to occur at the top, middle 

positioned hole. This could be verified by analyzing Figure 5-2. 

 

Figure 5-2 shows the air velocity when the hole diameter was adjusted1 to 2 mm. 

Instead of an even flow, the velocity is much greater at the middle, lowest hole than 

top row. This shows a variation in the velocity field, which occurs due to the 

increased diameter.  

 

 

5.1.3.1 ɸ and pressure drop at various diameters of air outlet 

Figure 5-3 is showing the pressure drop and velocity spread at various diameters at air 

outlet. Looking at the definition of ɸ in Equation (5-1), it can be noticed that an even 

flow field corresponds to a low value of ɸ since the difference of maximum- and 

minimum velocity are small. Tables for every individual case can be found in 

Appendices B. The corresponding airflow can be found in Figure 5-4.   
 

 

                                                 

 
1 For more diameters, refer Appendices C. 
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Figure 5-3 ɸ as a function of pressure drop for various diameters. 

 

 
Figure 5-4 Airflow at various diameters and pressure drop. 

 

5.2 Air distribution at air inlet 

Simulations were performed to investigate the air distribution from the holes to the 

reactor. The result can be seen in Figure 5-5. The conditions were airflow of 

20dm3/min with a temperature of 400°C. It can be seen that the diameter of the holes 

are small enough to generate an even distribution of air over the total surface. The 

concept of using an UDF as inlet source for air can thereby be verified since an even 

distribution of the flow was obtained when solving the flow field of the air inlet. 
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Figure 5-5 Velocity vectors from air inlet holes [m/s]. 

 

 

 
Figure 5-6 Temperature profile [K] of monolith layer, co current airflow. 

 

 

5.3 Simulation of counter- and co current air flow 

Simulations were conducted to investigate whether the hot isolated airflow should 

flow co- or counter current compared to the gas flow passing the monolith. The aim is 

to obtain an even distributed temperature profile over the monolith layer to ensure 

uniform conditions over the reaction zone i.e. the monolith. Both co- and counter 

current simulations were conducted with boundary conditions of an inlet pipe with a 

temperature of 400°C, assuming heat tape to be used for experiments and an roughly 

estimated heat transfer coefficient2 of 7 W/m2·K and a free stream temperature of 

25°C for other parts of reactor. 

 

The temperature profile for co current airflow can be seen in Figure 5-6. The air flow 

conditions were a temperature of 400°C and a flow rate of 20 dm3/min and exhaust 

gas flow of 400°C 

                                                 

 
2 Estimated for horizontal cylinder with natural convection [23]. 
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Figure 5-7 Temperature profile [K] of monolith layer, counter current airflow. 

 

and 1 m/s. It can be noticed that highest temperature is 398°C and lowest 183°C, a 

temperature decrease of 215°C .      

 

Figure 5-7 is showing the temperature profile over the monolith with counter current 

airflow. Boundary conditions were the same as for co current. It can be seen that the 

highest temperature is slightly lower, 392°C , while the lowest is 213°C , a 

temperature decrease of 179°C . This shows that the temperature profile is more even 

over the monolith layer and counter current airflow is thereby chosen for experiments. 

If an even higher temperature is needed, the volumetric airflow can be increased to 

reach higher temperatures. In addition, heat tape could be used in more areas, see 

Table 5-3. 

 

 

5.4 Monolith temperature 

Simulations were performed to analyze the temperature profile of the monolith layer. 

Four different cases were investigated. One were only the top window were built of 

quartz glass and the two side windows of stain-less steel, and one with all three 

windows of quartz glass. Counter current airflow was applied for all simulations. In 

addition to this, simulations were performed when the airflow was considered to be 

uneven. This scenario would appear if the outlet hole diameter would be increased.   

 

 Case A: One glass window, even flow 

 Case B: Three glass windows, even flow 

 Case C: One glass window, uneven flow (ɸ > 1, diameter of 2 mm) 

 Case D: Three glass windows, uneven flow (ɸ > 1, diameter of 2 mm) 
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5.4.1 Case A: Top window of glass, even flow 

The temperature range over the top monolith layer was obtained for various flow rates 

of air. The result can be seen in Table 5-3. Conditions during simulation were a gas 

flow3 of 0.26 m/s with a temperature of 400°C . Both inlet- and outlet pipes were 

assumed heated to 400°C with heat tape. An estimated heat transfer coefficient of 7 

W/m2·K was applied to the outside of the reactor volume and accounting for 

radiation. The air temperature was 400°C . For this case, only the top window was 

assumed to be constructed of glass while both side windows were made of stainless 

steel. 

 

 
Table 5-3 Temperature of monolith top layer, top window glass. 

Air flow [l/min] Air flow [N·dm3/min] min T [°C] max T [°C] ∆T [°C] 

20 8.70 349 397 48 

40 17.39 372 398 26 

60 26.09 382 398 16 

80 34.79 387 399 12 

100 43.48 390 399 9 

150 65.22 393 399 6 

 

 

5.4.2 Case B: All windows of glass, even flow 

Table 5-4 is showing the temperature variation of the top monolith layer with 

assumption that all three windows were constructed of quartz glass. Same conditions 

as for Case A was applied. 

 

 
Table 5-4 Temperature of monolith top layer, all windows of glass. 

Air flow [l/min] Air flow [N·dm3/min] min T [°C] max T [°C] ∆T [°C] 

20 8.70 344 397 53 

40 17.39 370 398 28 

60 26.09 380 398 18 

80 34.79 385 399 14 

100 43.48 389 399 10 

150 65.22 393 399 6 

  

 

 

 

 

                                                 

 
3 Gas velocity calculated to achieve same conditions as experimental set-up at KCK (Competence 

Center for Catalysis).  
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5.4.3 Case C: Top window of glass, uneven flow 

Table 5-5 shows the temperature of the monolith layer. Only the top window 

constructed of glass, both side windows simulated as stainless steel. The hot air flow 

is simulated to be uneven and distributed as Figure 5-2.    
 

Table 5-5 Temperature of monolith layer, top window of glass and uneven flow. 

Air flow [l/min] Air flow [N·dm3/min] min T [°C] max T [°C] ∆T [°C] 

20 8.70 348 397 49 

40 17.39 371 398 27 

60 26.09 380 398 18 

80 34.79 385 399 14 

100 43.48 388 399 11 

150 65.22 392 399 7 

 

 

5.4.4 Case D: All windows of glass, uneven flow 

Table 5-6 shows the temperature of the monolith layer. All three windows were 

simulated as glass and the hot air flow with an uneven distribution, same as for Case 

C.  

 

As seen from Table 5.3-5.6, the monolith temperature is dependent on the volumetric 

flow as well as the effect of an even or uneven flow and if the windows is consisting 

of glass or stainless steel. The volumetric flow contributes to large extent while 

uneven or even flow barely makes a difference.  
 

Table 5-6 Temperature of monolith layer, all windows of glass and uneven flow. 

Air flow [l/min] Air flow [N·dm3/min] min T [°C] max T [°C] ∆T [°C] 

20 8.70 344 397 53 

40 17.39 368 398 30 

60 26.09 378 398 20 

80 34.79 385 399 15 

100 43.48 387 399 12 

150 65.22 391 399 8 
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5.5 Heating experiments 

In order the reach sufficiently high enough temperatures for reaction to occur (> 

330C), three different experimental setups were examined. Each experiment was 

performed with different heating equipment. 

 

 Case I: Large heater with heating cartridge 

 Case II: Air heater (700 W, max. delivery temperature of 650C) 

 Case III: Only heat tape (250 W, 500 W) 

 

For all three cases, heat tape was used outside the reactor volume as well as on the 

pipe for inlet gas. The reactor was completely isolated with glass wool and aluminum 

foil to minimize heat losses.  

 

Thermocouples were used in the channels of the monolith (refer Figure 3-3) as well as 

on the outside of the reactor and in the airflow. Air inlet refers to the temperature of 

air before the reactor and hot airflow to the temperature of the air inside the reactor. 

 

5.5.1 Case I: Large heater with heating cartridge 

It can be seen from Figure 5-8 that the maximum temperature reached inside the 

monolith is approximately 330C.  At that time, the heat tape was set on maximum 

effect and close to reach maximum temperature and the risk for damage was 

substantial. All temperatures measured inside the reactor started to level off and 

maximum temperature was reached. The lowest temperature was airflow inlet. Even 

though the capacity of the heater was high (set point 600C), the temperature loss was 

large before entering the reactor. It can be noticed however, that since the air 

temperature inside the reactor was much larger and close to the one inside the 

monolith, that the high temperatures was obtained due to the heat tape and the hot 

airflow was actually heated by the reactor volume. 

 

 
 

Figure 5-8 Temperatures of reactor system with cartridge heater. 
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Figure 5-9 Temperatures of reactor system with air heater (Leister 15S). 

 

5.5.2 Case II: Air heater 

For the experiment with the air heater the results look similar to Case I. The result can 

be seen in Figure 5-9. It can be noticed however, that the losses was smaller for the air 

heater since the inlet temperature of air was higher compared to the cartridge heater. 

This originates from a more suitable experimental setup with less piping which was 

possible due to a more flexible position of the heater. Losses are nevertheless large 

since when the air was entering the reactor at 400C, the set point of the heater was 

650C, which was the maximum power. The air heater was in addition to this, not 

designed for the backpressure occurring in the setup and parts of the heater were 

damaged. The experiment was therefore shut down.  

 

5.5.3 Case III: Only heat tape 

The result for Case I showed one very interesting effect. The hot airflow entering the 

reactor was actually heated by the reactor volume and therefore did not provide any 

heat to the system. Therefore, experiments were also performed with only gas flow. 

Heat tape was used at both gas inlet and the reactor volume but without any additional 

heater. The result can be seen in Figure 5-10. When no air was heated in the reactor, 

the temperature of the monolith was significantly increased. All thermocouples placed 

in the monolith reached temperatures larger than 380C. Since this setup gave the 

highest temperature, experiments with particles were performed with this heating 

setup.  

 

The temperature decrease of the thermocouple outside the reactor in Figure 5-10 after 

about 40 minutes occurred due to release of the safety catch of the heat tape. When 

this occurred, a smaller temperature gradient was applied. 
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Figure 5-10 Temperatures of reactor system with heat tape only. 

 

5.6 Simulation of NO2 oxidation 

Simulations were performed to investigate the temperature dependence on soot 

oxidation with NO2 and argon as the carrier gas. According to the Arrhenius 

expression in Equation (2-19) the reaction rate is very sensitive to temperature. The 

result can be seen in Figure 5-11. A total amount of 1.1 mg soot was applied onto the 

monolith and NO2 was supplied at 1500 vol. ppm, total gas flow of 330 ml/min.  

 

The total conversion at different temperatures for ongoing oxidation in two hours is 

shown in Table 5-7. This result gives a good approximation of the expected time 

needed for experiments. 

 
Figure 5-11 Total amount of CO and CO2 leaving the reactor per second, normalized by 

the initial amount of soot. 
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Table 5-7 Total conversion for two hours oxidation. 

Temperature [°C] Conversion [%] 

380 63.9 

400 77.2 

430 91.0 

 

 

5.7 Soot oxidation experiment 

The result of the soot oxidation experiment can be seen in Figure 5-12. On the y-axis 

is the concentration of CO2 leaving the reactor in parts per million (ppm) and on the 

x-axis is the time for the experiment. By integrating the concentration of CO2 with 

respect to time, a total amount of 92 mg Printex-U ought to have been applied onto 

the monolith. This value is not realistic or coherent with the measurement of the scale 

and is therefore discussed later on in the thesis.  

 

Since an experiment with different concentrations and gas mixtures is reported in a 

single graph, an explanation can be found in Table 5-8. 

 

 

 
Figure 5-12 CO2 concentration in ppm at the exhaust of the reactor system. Uniform 

temperature of 430C during whole experiment and a total flow of 330 ml/min.  
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Table 5-8 Description of every time step, referring to Figure 5-12. 

Time[h] Gas concentration Comment 

0.5-0.8 1500 ppm NO2 200 ppm indication of CO2  

0.8-1.1 
1500 ppm NO2 + 

10 % O2 
1100 ppm indication of CO2 

1.2-1.5 1500 ppm NO2 200 ppm indication of CO2 

1.6-4.8 
1500 ppm NO2 + 

10 % O2 

1000-1400 ppm indication of CO2. Decided to 

continue to with O2 obtain complete combustion. 

4.8 Inert argon 
Tested if combustion still occurring. Only argon as 

input. 

5-7.8 
1500 ppm NO2 + 

10 % O2 
1400 ppm indication of CO2 leaving the system. 

7.8-8 
1500 ppm NO2 + 

15 % O2 
1700 ppm indication of CO2 

8.1-8.2 
1500 ppm NO2 + 5 

% O2 
1050 ppm indication of CO2 

8.2-8.4 
2000 ppm NO2 + 5 

% O2 
1200 ppm indication of CO2 

8.5-8.7 
1000 ppm NO2 + 

5% O2 

850 ppm indication of CO2. Decided to quit the 

experiment. 

 

5.7.1 Oxidation rate as a function of O2 concentration 

As mentioned, the presence of O2 in the gas mixture will add a second reaction, as O2 

also will react with soot, together with NO2. In addition to this, O2 in excess will shift 

the thermodynamic equilibrium towards NO2 (refer Figure 2-7).  

 

With a total flow of 330 ml/min and constant concentration of 1500 ppm NO2, the 

produced CO2 as a function of O2 is shown in Figure 5-13. Data is collected from 

Figure 5-12. From the figure it is clearly seen that the oxidation of soot to CO2 is 

highly dependent on the concentration of O2.  

 

 
Figure 5-13 CO2 concentration at exhaust outlet as function of O2 concentration. During 

all three concentrations of O2, the NO2 concentration was 1500 ppm at inlet. The line is 

included to guide the eye. 
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5.8 Dispersed particles with temperature gradient 

Simulations were performed to investigate were dispersed particles would end up in 

the reactor if the soot were not applied directly onto the monolith. For comparison, 

simulations were performed both with a uniform temperature of 400C in the whole 

reactor volume as well as with the temperature gradient obtained when airflow of 

400C was provided without complete insulation to provide realistic conditions for In-

Situ operation of the reactor. When simulated with airflow, both the monolith and 

glass tube is within a temperature difference of 100C.  

 

Table 5-9 is showing the numbers of particle captured at different positions in the 

reactor. It is clearly seen that the majority of the particle follow the gas flow and leave 

the reactor at the outlet. Due to the reactor geometry and locations with very low 

velocity, all particles will not leave the reactor volume in finite time. 

 
Table 5-9 Numbers of particles captured at different positions. Hot airflow was applied 

to obtain temperature gradient. 

Dp 

[nm] 

Caught on glass 

pipe 

Caught on 

monolith 

Remaining in 

reactor 
Outlet Total 

20 23538 2250 4543 242549 272880 

50 10292 160 26915 235513 272880 

100 9541 35 28815 234489 272880 

150 9538 20 28773 234549 272880 

 

Table 5-10 is showing the capture of particles in percentage, calculated from Table 5-

9. The capture efficiency is decreased with increased particle diameter. As seen, the 

majority of the captured particles end up at the glass pipe. 

 
Table 5-10 Percentage of particles captured at different positions in the reactor. 

Dp [nm] Capture on glass pipe [%] Capture on monolith [%] Total capture [%] 

20 8.63 0.82 9.45 

50 3.77 0.06 3.83 

100 3.49 0.01 3.51 

150 3.49 0.007 3.50 

 

 

5.9 Dispersed particles with uniform temperature 

Dispersed particles were also simulated with a uniform temperature. No airflow was 

supplied but instead complete isolation with no heat losses and a temperature of 

400C. Glass tube and monolith were having the same temperature over the entire 

domain to exclude any possible effect of thermophoresis.  

 

Table 5-11 is showing the numbers of captured particles at different positions in the 

reactor while Table 5-12 is showing the percentage of captured particles at different 

positions, calculated from Table 5-11. 
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From the results it can be noticed that more particles are captured in total when a 

temperature gradient is present but more particles are captured by the monolith when 

a uniform temperature is applied.  

 

 
Table 5-11 Numbers of particles captured at different positions in the reactor. Uniform 

temperature of 400C. 

Dp 

[nm] 

Caught on glass 

pipe 

Caught on 

monolith 

Remaining in 

reactor 
Outlet Total 

20 21284 7240 2982 241410 272880 

50 8627 850 26690 236713 272880 

100 8003 390 29455 235032 272880 

150 8009 260 29449 235162 272880 

 

 

 
Table 5-12 Percentage of captured particles at different positions in the reactor. 

Uniform temperature of 400C. 

Dp [nm] Capture on glass pipe [%] Capture on monolith [%] Total capture [%] 

20 7.80 2.65 10.45 

50 3.16 0.31 3.47 

100 2.93 0.14 3.07 

150 2.93 0.09 3.02 
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6 Discussion 

As temperature is of great importance when performing oxidation experiments, a lot 

of time was spent during this project to achieve a proper heating setup. Unfortunately, 

none of the available heaters could provide enough heat for the hot air flow to heat the 

monolith to a sufficient temperature. For the small flow occurring in the system, the 

heat losses were too large before entering the reactor volume. The results from the 

simulation show that either a very hot flow, and/or larger volumetric flow, is needed 

to obtain a small enough temperature difference over the monolith.  

 

It was however found that using only heat tape and no airflow at all would generate a 

stable temperature of the monolith of above 400C. It seems that the airflow was 

actually cooling down the reactor volume. This was noticed when observing the 

temperature of the air inlet as well as the air in the reactor, showing the result of the 

air in the reactor actually being warmer. As a consequence, the conclusion was that 

heat was removed from the reactor volume with the airflow. The downside of this set-

up was that no visual access was possible. 

 

From the soot oxidation experiment, Figure 5-12, it is easily seen that the reaction rate 

and oxidation of soot is much higher with the presence of O2. The reason for this is 

that NO2 is naturally degrading due to thermodynamic equilibrium to NO, a molecule 

that does not have the ability to oxidize soot at these temperatures. Oxygen has a 

stabilizing effect on NO2 reduction (see Figure 2-7) and more NO2 therefore has the 

ability to oxidize soot when O2 is present. Figure 5-13 clearly shows a trend with 

oxidation rate and oxygen concentration. The higher O2 concentration, the higher CO2 

concentration leaving the system. The same trend with NO2 concentration was 

obtained.  

 

According to Equation (2-18), there is a need of two NO2 molecules to produce one 

CO2 if the selectivity is zero, i.e. maximum production of CO2 and zero CO. 1500 

ppm NO2 was used during the experiment and more than 1000 ppm CO2 was 

produced during the experiment which also indicates that O2 is reacting according to 

Equation (2-22), even at as low temperature as 430C. 

 

It is of utmost importance that the combustion is complete to determine the exact 

amount of synthetic soot applied onto the monolith. According to the simulations, this 

should not take much longer than two hours. For that reason, the main part of the 

experiment was performed with the presence of O2 to increase the oxidation rate. It is 

however very unlikely that the soot was not completely oxidized after nine hours. 

Consequently the experiment was stopped and analyzed. Integration of the total 

amount CO2 leaving the system with time showed that 92 mg Printex-U had to have 

been applied onto the monolith, an unrealistic amount when comparing to the scale 

measurements before the experiment was conducted. This indicates that something 

else also had reacted during formation of CO2. To seal the reactor and avoid leakage 

of gas, a graphite gasket was used. Unfortunately, it is most likely that the carbon 

atoms in the gasket were reacting with the gas with the effect of producing CO2. This 

would explain the large amount of produced CO2, a still ongoing process when it was 

decided to shut down the experiment. Even if it is possible that some particles were 

still present on the monolith, hidden in the pores, there were no particles left visible to 

the naked eye.       
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The reaction rate of soot oxidation is dependent on the amount of soot: the more soot 

present, the higher the reaction rate. This reasoning would with a perfectly conducted 

experiment produce a graph of decreasing CO2 production with time as shown by 

simulation in Figure 5-11. This means that the reaction rate should be highest at the 

first period with combination of NO2 and O2. It can be seen from Figure 5-12 that the 

CO2 concentration at this time was about 1100 ppm. Starting next cycle with NO2 and 

O2 generates a CO2 concentration of just below 1000 ppm but, unrealistically, 

increasing with time. This might indicate that the soot combustion was complete after 

about 2 hours and later on the gasket started to oxidize, generating higher CO2 at 

outlet than in the beginning of the experiment. No type of graphite gasket should for 

future experiments be used when performing soot oxidation.   

 

When simulating a dispersed flow of particles in the reactor the Reynolds number was 

evaluated to 35 based on the hydraulic diameter, i.e. laminar flow. As the Stokes 

number was well below unity, the particles were following the fluid streamlines well 

and due to the Reynolds number, no turbulent dispersion was present. This means that 

the particles only have the possibility to escape or leave the streamlines and reach the 

walls by thermophoresis and Brownian motion. Due to the very small size of the 

particles, gravity does not affect the motion of the particles significantly [33]. 

Particles of varying size were simulated to obtain knowledge in how different 

particles behave due to different forces. 

 

From the multiphase results in chapter 5.8-5.9, it is clearly seen that the majority of 

particles is following the streamlines well and leave the reactor by the exhaust gas at 

the outlet. This result is independent of the boundary conditions of the temperature, 

uniform or with a gradient. It is also seen that the smallest particles, 20 nm, is the size 

that reaches the glass tube and monolith to largest extent. This result originates from 

the Brownian motion, which is most pronounced for the smallest of particles. This 

random motion enables particles to deviate from the fluid streamlines and thereby 

reach the boundaries of the glass tube and monolith.  

 

When uniform temperature was applied, the total capture was about the same as for 

the case with a gradient. The distribution between the glass tube and the monolith 

differed in that more particles were captured by the monolith, which indicates a very 

small but yet an effect of thermophoresis for the case with a temperature gradient. The 

main reason for more particles reaching the glass tube than the monolith is however 

the available area. The area of the glass tube is twice that of the monolith top layer.  

 

In order to perform experiments with a particle dispenser, more particles need to reach 

the monolith. Only particles reaching this area have the time to oxidize. A decreased 

velocity or larger monolith, completely filling the glass tube, could work when 

performing experiments with this setup.  

 

Several simulations have been performed during this project to gain knowledge about 

the In-Situ reactor and the system around it. The pressure drop of different flows has 

been calculated and the reactor has been modified in various ways to perform better. 

Based on the results of these simulations, the holes for the existing air flow have been 

drilled to increase the diameter and thereby lower the built-up pressure in the reactor, 



 

 CHALMERS, Applied Mechanics, Master’s Thesis 2015:08  43 

 

 

some parts of the reactor have been reinforced to manage the tension that the reactor 

is exposed to, etc.  

 

All simulations provide good information of how the reactor can perform in the ideal 

case. This includes temperature of needed airflow, size of the flow, co- or counter 

airflow among others. The problems still needing to be solved is now more of a 

practical character. Assuming air heaters will be used in the future, the temperature 

actually entering the reactor must be high enough to stabilize the monolith 

temperature without insulation and heat tape blocking the windows to ensure In-Situ 

operation. This also requires a more proper gasket to minimize leakage and thereby 

heat losses, especially eliminating the risk of oxidants reacting with unwanted 

compounds. Some modification is also needed around the windows of the designed 

reactor. As designed now, there is no space for a soft gasket above or below the 

windows. And when experiments were performed, the buildup tension in the reactor 

ruptured all parts of glass.  
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7 Conclusions 

In this thesis, an iterative method has been applied to gain knowledge in the soot 

oxidation process from diesel vehicles and characterize the behavior of a newly 

designed in-situ reactor. Experiments and CFD simulations have been used together to 

get deeper understanding of the processes occurring. 

 

Based on CFD simulations, experiments have been performed to validate the results 

and try to implement them in a practical manner. The CFD simulations have gained 

increased understanding of the design and the subsequent behavior of the reactor. 

Potential problems related to heating and of soot oxidation in the reactor have been 

identified and solutions have been proposed. Modifications of the reactor have been 

carried out due to simulations and experiments to obtain a better setup for the reactor 

system. Some of the modifications include reinforcement of the reactor as well as 

increasing of diameters for the airflow to not obtain a too large gauge pressure in the 

reactor. 

 

Multiphase CFD simulations have also been conducted to gain knowledge in the 

distribution of the particles in the reactor. The results show that a particle dispenser 

can be used for experiments but more effectively with a larger monolith that uses all 

channels and thereby not to be performed with In-Situ operations. The effect of 

thermophoresis is small and the result of the multiphase simulations shows that the 

majority of the particles is leaving the reactor with the gas flow. 
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8 Future work 

Since the usage of vehicles is still increasing, the need to further improve the EATS is 

of great importance. Emissions still pollutes our cities to a high degree. Research 

within this area is still of great importance and the industry is constantly using new 

ideas and breakthroughs for developing new filters. With our project, we hope to have 

made a small contribution to the field and inspired or motivated more people to join 

the research area.  

 

Regarding our project and the designed reactor, there is still work to be done. The 

idea and intention with the reactor, to use it In-Situ, with glass windows and actually 

look at the oxidation is a fantastic idea and have potential to increase the knowledge 

within particle oxidation to a great extent. There are however obstacles to overcome, 

especially regarding heating to obtain the high temperatures needed for soot 

oxidation. Generating that high temperature and keeping it constant without insulation 

or blocking the windows is a problem yet so solve. Luckily, this is already a project 

that involving more people to carry on our work and hopefully a solution will present 

in a near future. We can’t wait to see the result.  
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Appendices 

 

A: Dimensionless numbers and multiphase analysis 

According to Equation (2-8), the particle Reynolds number is evaluated. The values 

considered are estimated at 400°C and atmospheric pressure for air being the 

continuous phase. 

 

µc  = 3.29·10-5  [Pa·s] 

 

ρc  = 0.517  [kg/m3] 

 

Dp = 150·10-9  [m], largest used particles 

 

uc-ud = 0.26  [m/s], Velocity chosen to obtain a proper flow for the mass 

spectrometer. 

 

𝑅𝑒𝑝 =
0.517 ∙ 150 ∙ 10−9 ∙ 0.26

3.29 ∙ 10−5
= 0.000612 ≪ 1 

 

This calculation shows that the flow can be considered to be in the Stokes regime. Due 

to the low Rep, Equation (2-7) can be simplified and calculated as below: 

 

ρd = 1000 [kg/m3], mean value for Printex-U 

 

𝜏𝑥𝑝 =
1000 ∙ (50 ∙ 10−9)2 ∙ 5.47

18 ∙ 3.29 ∙ 10−5
= 2.3 ∙ 10−8𝑠 

  

From this, the Stokes number from Equation (2-7) can be evaluated with a 

characteristic time scale of the flow calculated with the gas velocity and characteristic 

length of an obstacle. 

 

𝑆𝑡 = 2.3 ∙ 10−8𝑠 ∙
0.26

0.0014
= 4.27 ∙ 10−6 ≪ 1 

 

The low Stokes number indicates that the inertia of the particles is very low and the 

particles will follow the fluid streamline very well. 

 

Evaluating the Knudsen number from Equation (2-1) for the largest dispersed 

particles and the mean free path from Equation (2-2): 

 

𝜆 =
42.2 ∙ 10−6

0.449 ∙ 0.714√8 ∙ 101325
𝜋 ∙ 0.714

= 219 𝑛𝑚 

 

𝐾𝑛 =
219

150
= 1.46 
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As this value is greater than 10-3, that would be the case for all particles since 150 nm 

is the largest diameter of the dispersed particles.    

 

 

 

Since Kn > 10-3, the drag law is corrected with the Stokes-Cunningham factor. 

Calculated Cunningham factors for 400°C, Cc are shown in Table A-1 

 
Table A-1 Cunningham correction factors for different particle diameters. 

Particle diameter [nm] Cc 

20 36.86 

50 15.10 

100 7.87 

150 5.47 
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B: Data for calculation of ɸ 
 

Table B-1 Data for 0.5 mm. 

vmaximum vminimum vaverage ɸ 
Pressure 

drop [Pa] 

Airflow 

[l/min] 

Re 

(vmax) 

Re 

(vmin) 

Re 

(channel) 

50.11 47.25 48.61 0.059 2000 13.59 395 372 543 

73.03 68.09 69.92 0.071 4000 19.74 575 536 789 

90.05 83.47 85.90 0.077 6000 24.42 709 657 976 

103.34 96.23 99.06 0.072 8000 28.32 814 758 1132 

115.11 107.42 110.57 0.070 10000 31.91 906 846 1276 

 

Table B-1 shows the data for air outlet holes of diameter 0.5 mm.  

 
Table B-2 Data for 0.75 mm. 

vmaximum vminimum vaverage ɸ 
Pressure 

drop [Pa] 

Airflow 

[l/min] 

Re 

(vmax) 

Re 

(vmin) 

Re 

(channel) 

50.90 39.34 44.44 0.260 2000 27.85 601 465 1107 

72.27 56.24 62.88 0.55 4000 40.22 854 664 1600 

90.56 69.15 77.73 0.275 6000 49.70 1070 817 1976 

106.29 79.68 89.46 0.297 8000 57.77 1255 941 2296 

110.30 88.33 99.41 0.221 10000 64.82 1303 1043 2586 

 

Table B-2 shows the data for air outlet holes of diameter 0.75 mm. 

 
Table B-3 Data for 1.25 mm. 

vmaximum vminimum vaverage ɸ 
Pressure 

drop [Pa] 

Airflow 

[l/min] 

Re 

(vmax) 

Re 

(vmin) 

Re 

(channel) 

42.04 13.81 28.33 0.997 2000 43.14 826 272 1673 

59.97 19.63 39.99 1.009 4000 61.79 1181 386 2397 

72.32 23.90 48.61 0.996 6000 76.52 1424 470 2974 

84.25 27.54 55.47 1.022 8000 88.68 1658 542 3446 

93.23 30.65 61.27 1.021 10000 99.43 1835 603 3867 

 

Table B-3 shows the data for air outlet holes of diameter 1.25 mm. 

 
Table B-4 Data for 2 mm. 

vmaximum vminimum vaverage ɸ 
Pressure 

drop [Pa] 

Airflow 

[l/min] 

Re 

(vmax) 

Re 

(vmin) 

Re 

(channel) 

39.18 1.17 23.12 1.644 2000 49.72 1234 37 1768 

54.81 1.69 32.18 1.651 4000 71.52 1726 53 2556 

66.34 2.06 39.17 1.614 6000 87.33 2089 64 3125 

75.45 2.46 45.50 1.638 8000 100.79 2376 77 3616 

83.71 2.64 49.43 1.64 10000 112.95 2637 83 4059 

 

Table B-4 shows the data for air outlet holes of diameter 2.0 mm. 
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C: Velocity distribution at air outlet 

Figure C.1-C.4 shows the velocity at air outlet holes. In all figures, the pressure drop 

is 2000 Pa.  

 

 
Figure C-1 Velocity at air outlet. Diameter of 0.5 mm. 

 

Figure C-1 shows the velocity of air at air outlet with diameter of 0.5mm. It can be 

noticed that the velocity is approximately uniform, only differing 4 m/s from 

maximum to minimum velocity. For Figure C-1,  according to Equation (5-1) is 0.1. 

 

 
Figure C-2 Velocity at air outlet. Diameter of 0.75 mm. 

Figure C-2 shows the velocity at air outlet with diameter of 0.75 mm. From the figure 

it can be seen that the maximum and minimum velocity differs by 14 m/s. For Figure 

C-2,  according to Equation (5-1) is approximately 0.25. 
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Figure C-3 Velocity at air outlet. Diameter of 1.25 mm. 

 

Figure C-3 shows the velocity at air outlet with diameter of 1.25 mm. The difference 

between maximum and minimum velocity is 31 m/s and the flow is therefore 

considered to be clearly uneven. For Figure C-3,  according to Equation (5-1) is 

approximately 1. 

 

 

 
Figure C-4 Velocity at air outlet. Diameter of 2 mm. 

 

Figure C-4 shows the velocity of air at outlet with diameter of 2 mm. The maximum 

velocity is almost 40 m/s while the minimum velocity is just above zero and the flow 

considered being uneven. For Figure C-4,  according to Equation (5-1) is 1.65. 
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D: Kinetic data 

Data for the calculation of the rate expression in Equation (2-20) with the Arrhenius 

equation in (2-19) are found in Table D-1. 
 

Table D-1 Data for kinetics implemented in UDF-model. 

Reaction species k [-] (Tref) Ea [kJ/mol]  

NO2 394.7e-6 75.4 0.89 

 

 

 

E: Assessing convergence 

Assessment of the convergence in the CFD simulations has been performed in several 

ways. Analyzing the local mass imbalance, monitoring of residuals as well as 

improving the mesh during simulations. For example, the total number of cells was 

increased by 20% when solving for the monolith temperature. The increase in cell 

number changed the temperature difference less than 0.4°C. 

 

When simulating the motion of the dispersed particles, it is of great importance that 

the particles are even distributed at the inlet. Several different injections with different 

amount of particles have been evaluated. The generated solutions provide a result 

with the same capturing of particles (by percentage) both at monolith and glass tube, 

which also indicates an accurate solution. 

 

F: Velocity vectors for large Φ value 

Figure F-1 shows the velocity vectors for new design when the outlet diameter is 

changed to 2 mm. As can be seen, the velocity is largest at the bottom and a larger 

volumetric airflow is leaving the reactor as this area. 

 

 

 
Figure F-1 Velocity vectors for diameter increase to 2 mm, Φ value of 1.64. 

 

 

 

 

 


