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Abstract 

Particulate Matter (PM) is the collection of all solid and liquid particles suspended in air many of 

which are hazardous. PM is increasingly recognised as a public health risk. In the Netherlands 

alone, 80% of the population suffers from exposure to a high concentration of dust smaller than 

10 µm (PM10) every day. Many sources provide sufficient information to conclude that the 

inhalation of PM threatens the health of human beings. It is clear that something has to be done 

to reduce the PM10 concentrations in and around cities. For this reason, often motor vehicle 

traffic is limited in city centres. However, another solution might be available in the form of air 

purification. 

ENS Europe B.V designed an air purification system that filters particulate matter out of the air 
using positive ionisation. Filter units are already applied (can be positioned freely) on a small 
scale in an urban environment in Cuijk (Netherlands) and a reduction of PM10 in and around the 
garage was measured. This raised the question; is it possible to purify the air in a city when 
applying these filter units on a large scale in parking garages, thus use the garages as lungs of 
the cities? The topic of this thesis is numerical analysis of the wind flow and pollutant dispersion 
in order to determine the potential of filter unit placement, related to reduction of PM10, in the 
urban environment of Eindhoven using Computational Fluid Dynamics (CFD). 
 
For this purpose a three dimensional model is created to model the wind flow in 5.1 km2 of the 

city centre of Eindhoven including the dispersion of PM10. A south-east wind direction is 

modelled due to the fact that the highest concentrations of pollutants in Eindhoven are 

measured for this wind direction. Traffic intensity data are used to define PM10 sources in the 

computational domain. Background concentrations of PM10 are obtained from measurement 

station Veldhoven Europalaan. Assumptions are made regarding the ventilation of parking 

garages. Ventilation outlets are distributed over the parking garage to ensure interaction 

between the air of parking garages and streets, exact locations of the ventilation outlets are not 

known. A total number of 99 and 594 filter units are applied over 16 parking garages with a filter 

efficiency of 70% for PM10 (at 9,000 m3/h) in two different cases.  

The results of this thesis consist of a series of figures showing the PM10 concentrations (at a 

height of 1.75 m) in the computational domain for simulation with and without filter units (99 

or 594) with a fixed amount of ventilation of the parking garage (10.8 or 32.4 m3/hm2). Also 

maps are given with reduction percentages of PM10 concentrations. Results show a significant 

reduction in and around the parking garages but also further away from the buildings. For the 

simulation with 99 filter units PM10 reductions of 5 up to 10% are modelled near the outlets of 

the parking garages. Further away from the garages the PM10 concentration reductions are 

indiscernible. For the simulations with 594 filter units PM10 reductions of 30 up to 40% are 

modelled near the outlets of the parking garages. Further away from the garages the PM10 

concentrations are reduced for approximately 3 to 10%. It is however important to keep in mind 

that the research is based on several assumptions. 

CFD proves to be a powerful valuable tool to model pollutant dispersion in an urban 

environment. This thesis gives some first insights into the potential of air purification in an urban 

environment. 

 

http://www.greenfacts.org/glossary/pqrs/particulate-matter.htm
http://www.greenfacts.org/glossary/mno/mass-units.htm
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1 Introduction 

In this chapter, the purpose of the numerical study is explained, introducing the risks of 
particulate matter (PM) in an urban environment. In this chapter it is made clear why it is of 
great importance to reduce PM concentrations in cities. Furthermore, in this chapter the outlay 
of the research is described, including the objective, approach, and desired results. The various 
project phases are addressed during this chapter. 

1.1 Problem statement 

Particulate matter, also known as PM, is increasingly recognised as a public health risk. In the 
Netherlands alone, 80% of the population suffers from exposure to a high concentration of dust 
smaller than 10 µm (PM10) every day [1]. These dust particles, so small that they are invisible to 
the naked eye, enter our nose and mouth undetected. Inhalation of fine dust can lead to heart, 
brain and respiratory diseases, because these particles pierce through our alveoli and invade the 
bloodstream [1]. 
 
Particulate Matter (PM) is the collection of all solid and liquid particles suspended in air, many 
of which are hazardous. This complex mixture includes both organic and inorganic particles, such 
as dust, pollen, soot, smoke, and liquid droplets [2]. These particles vary greatly in size, 
composition, and origin. Particles in air are either directly emitted, for instance when fuel is 
burnt and when dust is carried by wind, or indirectly formed, when gaseous pollutants previously 
emitted to air turn into particulate matter [2]. 
 
Particulate matter is subdivided into several size ranges. Ultra-fine dust (PM0.1) are the particles 
with a diameter below 0.1 μm. Coarse dust (PM10-2.5) are the particles with a diameter below 10 
μm (roughly 1/5 of a human hair) and above 2.5 μm. The particles with a diameter below 2.5 
μm and above 0.1 μm are called fine(r) dust (PM2.5-0.1) [2]. Whereas most of the mass is usually 
in the fine mode (particles between 0.1 µm and 2.5 µm), the largest number of particles is found 
in the very small sizes, less than 0.1 µm. As anticipated from the relationship of particle volume 
with mass, these so-called ultrafine particles often contribute only a few percentages to the 
mass, at the same time contributing to over 90% of the numbers [2]. 
 
Short-term epidemiological studies suggest that a number of source types are associated with 
health effects, especially motor vehicle emissions, and also coal combustion [2]. These sources 
produce primary as well as secondary particles, both of which are associated with adverse health 
effects. One European study focused on traffic-related air pollution specifically, and suggested 
the importance of this source of PM [2]. Traffic and cattle industry produce a significant amount 
of PM2.5, hence high concentrations are mainly found near busy streets and cities and also in 
regions with cattle farms [4]. This is also visible in Figure 1.1.1. More information on the topic of 
particulate matter is given in the next chapter. 
 
ENS Europe B.V designed (in collaboration with TU Delft) an air purification system that filters 
particulate matter out of the air. The energy-efficient technology captures fine particles and 
ultrafine particles without the use of traditional filtering techniques, but instead using positive 
ionisation. The working principle of the systems is as follows. Air is drawn inside the unit, most 
airborne particles present in such air receive positive charge. Due to such positive charge, the 

http://www.greenfacts.org/glossary/mno/mass-units.htm
http://www.greenfacts.org/glossary/pqrs/particulate-matter.htm
http://www.greenfacts.org/glossary/mno/organic.htm
http://www.greenfacts.org/glossary/ghi/inorganic.htm
http://www.greenfacts.org/glossary/pqrs/soot.htm
http://www.greenfacts.org/glossary/pqrs/particulate-matter.htm
http://www.greenfacts.org/glossary/mno/mass-units.htm
http://www.greenfacts.org/glossary/mno/mass-units.htm
http://www.greenfacts.org/glossary/mno/mass-units.htm
http://www.greenfacts.org/glossary/def/fine-particles-ultrafine-particles.htm
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Figure 1.1.1: PM2.5 concentration map of the Netherlands in 2014 [4]. 

 

airborne particles are attracted to and collected by the dust removal plate. Once the particles 
touch the plate, they attach themselves to the surface. Subsequent particles will bind together 
with previous collected particles transforming fine and ultrafine dust into harmless dust 
agglomerates [3]. 
 
In a parking garage in Cuijk (Netherlands), two filter units are installed to purify the air in the 
parking garage. The main source of particulate matter is of course the combustion of fuel. 
Measurements, performed by ENS, have shown a significant decrease in PM10 concentrations in 
both the parking garage and the shopping mall that is connected to the garage. This raised the 
question; is it possible to purify the air in a city when applying these filter units on a large scale 
in parking garages? 
 
 
 
 
 
 
 
 
 

 
 
  
  

 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
   

PM2.5 concentrations 2014 (µg/m3) 



Rob Vervoort (0774495)            Master Thesis          October 19 - 2016 

 

10  
 

1.2 Research objective 

The main objective of the project is to determine whether the air quality in the city of Eindhoven 
can be significantly improved with the use of the filter units designed by ENS. Filter units are 
modelled in parking garages. The research question is defined as follows: 
 
What are the effects of ionisation filter units, positioned in semi-enclosed garages, on the 
particulate matter concentration reductions in the city centre of Eindhoven? 

1.3 Methodology 

The approach consists of different phases which are briefly discussed in this paragraph. First a 
literature study is conducted into guidelines for CFD simulations of flows in the urban 
environment, basic CFD theory and ANSYS Fluent User Defined Functions (UDF’s). During the 
project, literature regarding particulate matter is analysed, to be able to emphasise the 
importance of the project. 
 
To carry out simulations of the city centre of Eindhoven, a computational grid is required. The 
computational grid that is created by Papadopoulos [5] is used in this project. With the use of 
drawings of parking garages, obtained from the municipality of Eindhoven, the garages are 
implemented in the computational domain. The full geometric complexity of the urban 
environment cannot be captured in the model and therefore simplifications are made. 
Furthermore the grid is updated to the current built environment. The grid (by Papadopoulos 
[5]) was created in 2013, meanwhile some buildings are removed or built in the city centre. The 
grid is also changed because the requirements and regions of interest are different for this 
project.  
 
The computational grid of the city centre consists out of a high amount of cells (approximately 
66 million), therefore, it is impossible to test different parameters on this grid. For the 
verification and validation of the CFD model of Eindhoven, a validation study is conducted on a 
smaller scale. The goal of the study is to determine how to make a CFD model in which pollution 
dispersion is modelled with a maximum accuracy in combination with a minimum computational 
demand. This validation study is based on a series of wind tunnel experiments. Important 
parameters in this study are turbulence models and grid requirements. 
 
To model the effect of the filter units, input is required for the computational model. Therefore, 
first a performance measurement is carried out. The performance measurement consists of a 
period of measurements of numbers of particles (in various size ranges) at the in- and outlet of 
the filter unit (to determine the filter efficiency).  
 
To get a better idea of the effect of the filter unit, the collected dust is analysed to determine 
the particle size distribution. First the sample is analysed with the Scanning Electron Microscopy 
(SEM) principle. With the use of the SEM a 2D image of the sample is obtained. In the image, the 
shape and size of the particles can be found. The particle shape is relevant for further analysis 
of the particle size distribution. When the shape and size of the particles are known, the 
procedure to determine the particle size distribution can be determined.  
 
Another important aspect of the project is to find a method to model the filter unit. A sink term 
is used to simulate the purifying effect of the filter unit. The efficiency of the filter unit for various 
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size ranges of particulate matter is required to write the correct user defined function for the 
sink term. The filter unit and the user defined functions are verified with the use of relatively 
simple 2D simulations. This is a very important step during the development of the CFD model. 
The verified filter unit model is used to duplicate the settings to all other filter units in the 
computational domain of Eindhoven. 
 
Furthermore, some assumptions are made regarding the sources of pollution in the model and 
inlet conditions. More information regarding the topics described above is given in this report. 

1.4 End result 

The end result of the project is a series of CFD simulations of the city of Eindhoven that present 
the effect of the filter units on pollution dispersion within the city centre of Eindhoven. Using 
these simulations it is possible to give suggestions for further research and suggestions for 
further improvement of the air quality in Eindhoven. 
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2 Particulate matter 

In this chapter more information is given regarding background information of particulate 
matter and the filter unit designed by ENS. Furthermore, the dust, collected by the ENS filter 
unit, is analysed. 

2.1 Particulate matter background information 

A short introduction to particulate matter is already given in the previous chapter. In this chapter 
more background information is given regarding this subject, emphasising the importance of the 
study.  

2.1.1 Elements in PM 

The dust in the air consists of elements which originate from both natural and human activities. 
PM10 on average consists of 75-80% of anthropogenic elements (elements from human activity) 
[6]. For the finer fraction of the dust, PM2.5, this is 85-90%. Near urban areas, PM10 consists of 
anthropogenic materials for more than 80% [6]. The main elements of PM10 and PM2.5 are listed 
below in descending order of importance. 
- Secondary inorganic aerosol: mainly consists out of ammonium sulphate and ammonium 

nitrate. These elements are almost entirely anthropogenic and are formed in the 
atmosphere from the air pollutants sulphur dioxide, nitrogen oxides and ammonia [6]. 

- Carbon and carbon-containing elements: elementary carbon and organic compounds that 
can be both anthropogenic and natural. In the Netherlands, almost all the elementary 
carbon originates from combustion processes (e.g. traffic). Some natural sources that 
contribute to elementary carbon in a smaller amount are plants and threes. Furthermore, 
larger particles are released into the atmosphere during agricultural activities [6]. 

- Sea salt aerosol: consists for 85% out of sodium chloride with a small contribution from 
magnesium, calcium and potassium compounds. Sea salt aerosol originates from 
evaporated sea water. The contribution to the total amount of particulate matter in air 
decreases with increasing distance from the coast [6]. 

- Soil dust: mainly consists of oxides, silicon, aluminium, calcium, iron and potassium from 
anthropogenic and natural origin. Agricultural activities (e.g. ploughing and harvesting) and 
whirling of dust due to passing traffic are the main contributors to soil dust. The contribution 
of wind erosion seems to be irrelevant in Europe. In some occasions, Sahara dust is involved 
[6]. 

- Metals: metals that are not part of the previously mentioned soil dust originate from 
different types of wearing processes and metal industry. Presence of particular elements 
can be linked to specific processes. Zinc for example indicates tire wear, copper indicates 
brake wear and cadmium indicates waste incineration and cement production. The 
contribution of metals is larger in the urban environment [6]. 

Measurements are performed related to the quantity of the elements in particulate matter. The 
contributions of each material type to the total amount is shown in Figure 2.1.1. However, the 
contributions may vary depending on the location (proximity of sources) and weather [7]. 
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Figure 2.1.1: Elements in particulate matter [6].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.2 Sources of PM in the Netherlands 

Particulate matter originates from several types of sources and therefore can be assigned to 
separate sectors. In most cases, the particulate matter spreads over a wide area. The 
determination of the origin is then done with atmospheric chemical dispersion models. For the 
Netherlands these calculations are performed using the LOTOS-EUROS-model. These 
calculations show that 75 up to 80% of the PM10 and 85 up to 90% of the PM2.5 is caused by 
human activity [6].  
 
A large portion of the particulate matter in the Netherlands is coming from abroad. Calculations 
with atmospheric chemical dispersion models indicate that on average every two-thirds can be 
attributed to foreign sources [7]. This is due to the long residence time of dust in the 
atmosphere. The residence time can even be several days [8] thus resulting in long distances 
that can be covered by particles. The result is that most of the time, particulate matter has a 
very widespread dispersion pattern.  
 
During periods with low wind velocity and/or periods with a south-east wind direction, the 
concentrations of particulate matter have the tendency to go up in the entire country. In those 
cases, the measured concentrations at urban city stations increase parallel to the measured 
concentrations at the provincial stations. In Figure 2.1.2, the contributions of sources, located 
abroad, to the total particulate matter concentrations are shown [6]. 
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Figure 2.1.2: Contribution of foreign sources to the total particulate matter concentrations in the 

Netherlands in 2009 [6].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.1.3 Health effects PM exposure 

As previously discussed PM between 0.1 µm and 1 µm in diameter can remain in the atmosphere 
for days or weeks and thus be subject to long-range trans-border transport in the air [8]. 
Therefore, the risk of inhalation is high. These inhalable particles include particles that are small 
enough to penetrate the thoracic region of the respiratory system [7]. Health effects due to 
short term (hour/days) and long term (months/years) exposure include respiratory and 
cardiovascular morbidity (e.g. asthma, respiratory symptoms and an increase in hospital 
admissions) and mortality from respiratory and cardiovascular diseases and from lung cancer 
[8]. 
 
There is sufficient evidence of the effects of short-term exposure to PM10 on respiratory health 
[8]. However, for mortality as a consequence of long-term exposure, the finer particles (PM2.5) 
are a stronger risk factor [8]. Daily mortality is estimated to increase by 0.2-0.6% per 10 µg/m3 
of PM10. Long-term exposure to PM2.5 is associated with an increase in the long-term risk of 
respiratory and cardiovascular disease mortality by 6-13% per 10 µg/m3 [8]. The WHO states that 
approximately 3% of cardiopulmonary and 5% of lung cancer deaths are attributable to exposure 
to particulate matter globally [8]. In Europe, these values are slightly lower, respectively 1-3% 
and 2-5%. Furthermore, studies indicate that the burden of disease related to ambient air 
pollution may be even higher [8]. 
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The WHO also conducted studies related to the life expectancy for the countries within the WHO 
region. The study shows that exposure to PM2.5 on average reduces the life expectancy by 8.6 
months. For the Netherlands this value is set at 11.8 months [6].  In the most polluted cities in 
the WHO region, the average life expectancy can be increased by approximately 20 months if 
the long-term PM2.5 concentrations are reduced to the limit of 10 µg/m3 [8]. 
 
Studies are also conducted related to the economic costs due to air pollution. Economists use a 
standard method for the assessment of the costs of mortality; the ‘value of statistical life’ (VSL). 
The VSL is derived from aggregating the willingness of individuals to pay for a marginal reduction 
in the risk of premature death [9]. Subsequently the mortality impact is given by the VSL value 
multiplied by the number of premature deaths. A standard and commonly agreed method to 
measure the cost of morbidity is not yet available. In 2010, the economic cost of air pollution 
health impact (premature deaths) in the European WHO region stood at 1,431 billion dollars 
with a value of 24.644 billion dollars for the Netherlands [9].  
 
Groups with pre-existing lung or heart diseases, elderly people and children are especially 
vulnerable. Particulate matter exposure affects lung development of children. Lung functioning 
is impaired and lung growth rate is chronically reduced [7]. It is therefore very important that 
particulate matter concentrations are reduced since inhalation is involuntary. At this moment, 
there is not yet enough evidence to identify the differences in the effects of particles with 
different chemical compositions. However, the evidence for the hazardous nature of particulate 
matter is more consistent for combustion related particles [2].  
 
The health impact of air pollution is clearly substantial. Given that good health and a long life is 
are highly valued in society, economic analysis shows that economic costs of air pollution are 
very large. Therefore, cleaner air can provide significant economic benefits. 

2.1.4 PM regulations 

Due to the fact that the health effects of PM10 and PM2.5 inhalation can be very severe, norms 
are formulated regarded to maximum allowed concentrations of particulate matter. The aim is 
that these limits are not exceeded. The limit for the daily average PM10 concentration for 
humans is set at 50 µg/m3, this value may not be exceeded for more than 35 days per year. The 
limit for the annual average PM10 concentration for humans is set at 40 µg/m3 [10]. 
 
The World Health Organisation (WHO) states that exposure to PM2.5 is more harmful than 
exposure to PM10. This is due to the fact that PM2.5 reaches deeper into our lungs. Therefore, 
limits and target values are provided in the European regulations for air quality [11]. The annual 
average concentration limit for PM2.5 is set at a value of 25 µg/m3. Moreover, an indicative limit 
exists for 2020 and is set at 20 µg/m3.  Nevertheless, the WHO recommends a value of 10 µg/m3 
as a safe norm according to the latest scientific findings [11]. In addition to these limits, the 
regulations contain an approach to generically reduce the exposure to particulate matter. To 
achieve this, average city background concentrations (exposure concentration) are determined, 
based on a three year average, and a reduction target is set accordingly. Calculations, based on 
different economic growth scenarios, predict a reduction from 15 up to 17 percent for 2020 [11]. 
 
In the majority of the Netherlands, the particulate matter background concentrations remain 
within the defined limit. Only in urban areas and in areas with a lot of agricultural activity, in the 
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centre and south of the Netherlands, the limit is locally exceeded. Measurements also show that 
in most other European countries these exceedances occur. The Netherlands is ranked 
somewhere in the middle when comparing the number of exceedances to other European 
countries [7]. 
 
The PM limits are defined very strictly. However, it is important to keep in mind that 
epidemiological studies on large populations have been unable to identify a threshold 
concentration below which ambient PM has no effect on health [2]. It is likely that within any 
large human population, there is such a wide range in susceptibility that some subjects are at 
risk even at the lowest end of the concentration range [2]. Therefore it is important to maximize 
the particulate matter reductions up to far below the threshold. 

2.1.5 PM filtration techniques 

Several techniques are available to filter particulate matter out of the atmosphere. The most 
frequently applied techniques are briefly discussed in this paragraph. The following purification 
techniques are available for PM removal (air purification techniques that do not include PM 
removal are not included): 
 

- Traditional membrane filtration 
- Bipolar air ionisation 
- Electrostatic precipitation 
- Positive ionisation (ENS filter technology) 

 
Traditional membrane filters (or solid media filters) consists out of three components; a channel, 
a fan and a filter membrane. Frequently, filter units, filled with a porous filter material, are 
positioned in a separate room. The filter membrane can be both woven and non-woven and is 
usually made out of polymers and glass fibres [12]. The air is forced through the filter, 
subsequently the particles, up to a certain size (depending on the type of filter), are restrained 
in the filter. There are four ways of capturing the particles, air filters may apply the sieve (or 
straining), inertial mass (or inertial separation), interception or diffusion effect [13]. The particle 
size, filter class and filter construction jointly determine the magnitude of the effects. Over time, 
the filter becomes increasingly clogged resulting in an increasing pressure drop and increase in 
energy consumption. Therefore, in time the filter has to be cleaned or replaced. Based on the 
required flow and pressure drop, a suitable fan is selected. In this system, the fan is the only 
energy consumer. 
 
The basic components of bipolar ionisation technology include one or more ionisation tubes, a 
specially designed generator and electronics. Bipolar ionisation technology generates both 
negative and positive ions. The ions react with oxygen and water vapour present in the air to 
create free radicals [14]. The free radicals, in turn can create chemical changes (e.g. break down 
odours and VOCs). Furthermore, bipolar ionisation enables particle agglomeration, PM is 
electrically charged through direct contact with the air ions.  
 
Electrostatic precipitation is different from bipolar air ionisation. In bipolar air ionisation, PMx is 
electrically neutralised by direct contact with cluster ions, as opposed to attraction to electrically 
charged surfaces as in electrostatic precipitation. In the case of bipolar air ionisation, solid media 
filters are still required to remove the larger particles from the air (resulting in a pressure drop) 
[14]. 
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A hybrid system, designed by ENS Europe [3], is available that combines electrostatic 
precipitation with positive ionisation. This system eliminates most of the energy penalty 
associated with the pressure drop across media filters while still removing particulates. The 
working principle of the system is discussed in paragraph 2.2.  
Table 2.1.1 [15] provides a summary of the properties of the previously mentioned air 
purification techniques. 
  

 
 Solid media 

filtration 

Electrostatic 

precipitation 

Bipolar air 

ionisation 

Positive ionisation 

(ENS Technology) 

Function Physical Electronic Electronic Electronic and 
physicochemical 

Principle Porous filter 
media 

High voltage wire 
and plate 

Dielectric barrier 
discharge 

Corona discharge + 
solid catalysts  

Process Collection on 
porous media 

Charging 
particulate matter 

(+) & (-) Ion 
generation 

(+) Ion generation and 
catalytic oxidation 

Active 

Species 

High surface area Charged Particles Reactive oxygen & 
Charged Species 

Charged particles and 
reactive oxygen 
species 

Elimination PMX PMX CO2, H2O, PMX and 
VOCs 

PMx, NOx, SOx, and 
VOCs 

By-products Spent filters, 
contaminants 

O3, if not cleaned 
regularly 

Min. by-products, 
O3 is controlled 

PM agglomerates 

Health 

Concerns 

Contaminated 
filter disposal 

Exposure to high 
voltage and ozone 

O3 limited by 
control 

None 

Microbial Particle removal Particle removal Inactivation, 
destruction, 
agglomeration 

Inactivation and 
removal 

 

 

 

 

 

  

 

Table 2.1.1: Summary of the properties of air purification techniques used for PM removal. 
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Figure 2.2.1: Working principle of the ENS filter units [3]. 

 

2.2 ENS Europe technology 

ENS Europe B.V designed (in collaboration with TU Delft) an air purification system that filters 
particulate matter out of the air. The energy-efficient technology captures fine particles and 
ultrafine particles without the use of traditional filtering techniques, but instead using positive 
ionisation, the principle is displayed in Figure 2.2.1 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Air is drawn inside the unit using a fan, meanwhile a positive high voltage is supplied to the 
electrode, creating a strong electric field. This creates positive ions that transmit the positive 
charge to the particles in the air, causing them to start moving towards the grounded counter 
electrode. As soon as this particle collides with the counter electrode, the positive charge is 
released and the particle is attached to the counter electrode. That discharge causes a 
“Vanderwaals bond”, causing the fine dust to bind together and turn into large dust 
agglomerates, making the fine dust harmless. 
 
ENS Europe has various systems available depending on the kind of application of the filter. The 

smallest filter unit is designed for the domestic, small business and catering market while the 

largest unit, with a volume flow rate capacity of 30,000 m3/h, is designed for companies with 

dust emission issues (e.g. companies in the food industry or agricultural sector). The unit applied 

in the case (Aufero-P) study provides a volume flow rate capacity of 9,000 m3/h and is designed 

for indoor air treatment in industrial and commercial buildings but also for civil infrastructure. 

Measurements performed by ENS show a filter efficiency of respectively 70% and 40% for PM10 

and PM2.5 [3]. The unit is relatively energy efficient and requires an installed power of 370 W for 

the fan and 70 W for the ionisation. Due to the fact that no membrane is required in the filter 

unit, the pressure loss is low (5-10 Pa). The dimensions of the filter units are 2,500 (L) x 690 (W) 

x 1,370 (H) mm3 and an image of the Aufero-P unit is presented in Figure 2.2.2. The filter unit 
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Figure 2.2.2: Scheme of the Aufero-P unit with the collector plate in the cleaning position (A) and Aufero-

P unit in a parking garage in Cuijk (B) [3]. 

 

does not have to be imbedded in the ventilation circuit of the parking garage, it can be 

positioned at any position. 

The Aufero-P unit is currently installed at several location, including in a parking garage in Cuijk 

(2 units). Measurements (performed by ENS) show that the application of the filters in an urban 

environment is indeed beneficial. A decrease in PM10 concentration in and around the parking 

garage was measured [3]. Before installation of the units, PM10 concentrations were above the 

WHO limit (40 µg/m3) and after the installation the concentrations were below the limit. 

 

 

 

 

 

 

 

 

2.2.1 Filter unit dust analysis 

The dust that is collected by the Aufero-P units, positioned in a parking garage in Cuijk (the 
Netherlands), is analysed. The aim of the analysis is to get an idea of the composition of the 
captured dust and to accurately determine the size of the particles on the plate. Furthermore, 
after this experiment it can be concluded whether the theory, that fine dust is turned into 
coarser dust agglomerates [3], is correct. 

2.2.1.1 Scanning Electron Microscopy (SEM) 

 
First, the sample is analysed with the scanning electron microscopy principle (SEM). The electron 
microscope uses a focused beam of high-energy electrons to generate a variety of signals at the 
surface of solid specimens. The signals that derive from electron-sample interactions reveal 
information about the sample including external morphology (texture), chemical composition, 
and crystalline structure and orientation of materials making up the sample. Subsequently, a 2-
dimensional image is generated that displays spatial variations in these properties. Using this 
image, the shape and size of the particles can be determined. The shape of the particles is a 
relevant factor for the determination the particle size distribution, this is discussed in the next 
paragraph. 
 
The results in Figure 2.2.3 on the next page show that there is a large variety in particle shape, 
thus not all the particles are spherical, and many small particles are agglomerated into larger 
particles. Both these aspects can be an issue for the determination of the particle size 
distribution. 
 

B 

A 
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Figure 2.2.3: SEM analysis dust filter unit sample A (scale 50 µm) and B (scale 200 µm). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B 
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Figure 2.2.4: Particle size distribution for 5 measurements. 

 

2.2.1.2 Particle size distribution 

 
For the determination of the particle size distribution, the Malvern Mastersizer 2000 is used. 
The instrument determines the particle size based on the laser diffraction principle. During the 
laser diffraction measurement, particles, which are added to a transport medium, are passed 
through a focused laser beam. These particles scatter light at an angle that is inversely 
proportional to their size. The angular intensity of the scattered light is then measured by a 
series of photosensitive detectors. The map of scattering intensity versus angle is the primary 
source of information used to calculate the particle size. For the determination of the particle 
size distribution, the Mastersizer assumes that the particles are spherical. The size range that 
can be determined is 0.02 µm to 2000 µm. 
 
The first step for the determination of the particle size distribution of the dust is to add the 
particles to water and to mix them in order to get a uniform suspension. During the mixing 
process, van der Waals bonds are broken, resulting in the deformation of the agglomerates. 
Some of the particles float on water while others sediment on the bottom. For this reason, it is 
important to mix the suspension before analysing it. Only a small amount of the mixed 
suspension is inserted into the Mastersizer for analysis. 
 
Several measurements, shown in Figure 2.2.4, are performed to be able to form a representative 
curve for the particle size distribution. Next the particle size distribution is determined by taking 
the average of these curves.  The averaged curve is presented in Figure 2.2.5-A on the next page. 
 

 
 
 
 
 
 
 
 
 
 
 
 
It should be noted that the curve (presented in Figure 2.2.5) might not be exact since the 
determination of the particle size distribution is based on the assumption of spherical particles. 
However due to the fact that all five curves, visible in Figure 2.2.4, fit rather close, it is assumed 
that the disturbance due to the presence of for example rod-shaped particles is minimal.  
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Figure 2.2.5: Averaged particle size distribution of 5 measurements (size range 0.01-10,000 µm) in 

volume percentage and number percentage of total particles. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
To obtain a better idea of the composition of the filter dust, the particle size distribution of the 
filter dust is determined below 10 µm, in the region of interest. For this experiment, acrodisc 
syringe filters with versapor membrane (produced by Pall Corporation) [16], are used to filter 
out all the particles larger than 10 µm. The same analysis procedure, as previously described, is 
used, only now, the suspension was filtered before it was analysed. 
 
Again several measurements are performed to be able to form a representative curve for the 
particle size distribution below 10 µm. The particle size distribution is determined by taking the 
average of seven measurement curves, these results are shown in Figure 2.2.6-A on the next 
page. 

 
 
 
 
 
 
 
 
 
 
 
 
 

A 

B C 

 
0.01 – 10,000 µm 
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Figure 2.2.6: Averaged particle size distribution of 7 measurements (size range 0.01-10 µm) in volume 

percentage and number percentage of total particles. 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

In Figure 2.2.5 it is clearly visible that the volume percentage of particles in the powder, collected 

in the filter unit, is dominated by the larger particles (> 5 µm). These larger particles give the 

largest contribution to the total mass of the powder. On the contrary, these particles only 

contribute to a small amount to the number of particles in the powder. This is also discussed in 

paragraph 1.1. The smaller the particle, the deeper it can penetrate into the human body. Figure 

2.2.5 and Figure 2.2.6 show that there is a relatively high amount of smaller particles present in 

the air in the parking garage. Cars contribute to a high amount to the emission of PM2.5 [4], this 

is also visible in Figure 2.2.6. Most of the air in the parking garages is displaced to the 

surrounding of the garage. These figures show indicate why it is important to improve the air 

quality in and near garages, to prevent large concentrations of particles from entering the 

human respiratory system. 
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3 Aspects of fluid dynamics and CFD 

In this chapter some basic aspects of fluid dynamics and CFD are discussed. The software that is 
used for this case study is ANSYS Fluent 15.0. To solve the flow, Fluent applies the control volume 
method (CVM). In this approach, the domain is split up in several volumes called cells. In this 
way a grid consisting of cells is created on which boundary conditions can be imposed. 
Subsequently the flow is solved in each cell of the grid. 

3.1 Governing equations of fluid flow 

The governing equations that describe the viscous flow of fluid are called the Navier-Stokes 
equations. The governing equations are the expression of three fundamental physical aspects: 
Mass conservation, Newton’s second law and energy conservation. This results in the continuity 
equation (one scalar equation), the momentum equation (three scalar equations in case of 3D 
problem) and the energy equation (one scalar equation). In this report, energy transport is not 
relevant due to the fact that isothermal simulations are conducted and therefore only the 
continuity and momentum equations are given. In Equation 3.1-4 [17] the instantaneous Navier-
Stokes equations are shown (in Cartesian coordinates) which are valid for a viscous, isotropic 
incompressible isothermal flow of a Newtonian fluid. The equations are a set of non-linear, 
coupled, partial differential equations that are used to numerically model turbulent flow. 
 

                                                   Equation 3.1 

 
                                                   Equation 3.2 

 
                                                   Equation 3.3 

 
                                                   Equation 3.4 

 
In which V  is the instantaneous velocity vector, t is the time coordinate, p is the instantaneous 
pressure, div is the divergence operator, grad is the gradient operator, μ is the dynamic viscosity, 
ρ is the density of the fluid and u, v, and w are respectively the x, y and z components of the 
instantaneous velocity vector. The instantaneous values can be decomposed into a ‘mean’ and 
a ‘fluctuating’ component. Substituting in the instantaneous equation and averaging the 
equations yields the Reynolds-Averaged Navier-Stokes equations (RANS). These equations are 
discussed in paragraph 3.2.2.3. 

3.2 Turbulence modelling 

To obtain more knowledge regarding turbulence, the definition and some basic characteristics 
of turbulent flow are given in the first section of this paragraph. With the use of CFD, the flow 
can be numerically solved. Solving all aspects of the flow, including the small-scale turbulent 
motion, imposes a high computational burden. Therefore generally not all the aspects of the 
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flow are solved, but instead some parts are modelled. Various models can be used to model 
turbulent flow. The choice of turbulence model mainly depends on the type of flow problem 
that has to be solved. In the second section of this paragraph, the approaches to model 
turbulence are discussed. 

3.2.1 Definition and characteristics of turbulence 

Researchers have been intensively studying turbulence for many years but still no complete 
understanding of turbulent flow has been attained. As a result of this many definitions of 
turbulence are given by different authors. One way to describe turbulence flow is based on the 
Reynolds number which can be calculated using Equation 3.5 [17]. 
 

UL UL
Re



 
               Equation 3.5 

 
In which U is a characteristic velocity, ρ is the density of the fluid, L is a characteristic length scale 
of the flow, μ is the dynamic viscosity of the fluid and ν is the kinematic viscosity. To calculate 
the Reynolds number the inertial forces are divided by the viscous forces. Generally it can be 
said that when the Reynolds number is low, the flow is laminar and when The Reynolds number 
is high, the flow is turbulent. However, it is very hard to determine whether flow is turbulent. 
Normally the transition from laminar to turbulent flow does not occur at the same Reynolds 
number, there is a transitional zone where the flow is neither laminar nor turbulent [17]. The 
Reynolds numbers for this transitional zone are highly depending on the type of flow. 
 
A better option is to describe turbulence by summarising the main properties of turbulent flow. 
Blocken [17] mentions the following properties: Turbulent flows are highly unsteady (1). They 
are 3-dimensional (3D), even if the mean flow is 2D (2). A large amount of vorticity is present 
(3). Conserved quantities are stirred, mixed: turbulent diffusion (exchanging parcels of fluid) (4). 
Mixing is a dissipative process (kinetic energy to internal energy) (5). Coherent structures are 
present (6). Fluctuations occur on a broad range of length and time scales (7). 
 
Turbulence introduces a time-dependent velocity, which can be seen as a fluctuation around a 
mean steady-state quantity. It can be seen as a disturbance of the mean velocity and other flow 
parameters and occurs even in stationary state (Equation 3.6) [18]. 
 

( )u t U u                Equation 3.6 
 

In which U is the mean velocity and u’ is the time-dependent velocity fluctuation. This fluctuating 
part causes additional shear stress into the flow (Reynolds stresses) which originates from the 
movement of fluid parcels. Eddies originate out of instabilities of the mean flow once the 
transition to turbulent flow begins, large scale eddies contain most of the turbulent kinetic 
energy (k). This turbulent kinetic energy is obtained from the mean-flow kinetic energy, thus 
energy in the mean flow is transformed into turbulence. The turbulent kinetic energy can be 
calculated using Equation 3.7. 
 

 2 2 21

2
u v wk                   Equation 3.7 
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In which σ is the root-mean-square value of the velocity fluctuations in the longitudinal (u), axial 
(v) and lateral (w) direction. The large scale eddies are unstable and decay into smaller-scale 
eddies. Energy is passed onto the smaller eddies during this process. Subsequently this process 
is repeated and even smaller eddies originate. Due to viscous effect, the energy from smallest 
eddies is dissipated into heat [19]. Since turbulence is a very complex physical phenomenon, a 
proper turbulence model is required to accurately predict turbulent flow. 

3.2.2 Turbulence approaches 

A range of methods is available to predict turbulent flow. The three main categories are DNS, 
LES and RANS. These categories are discussed in this paragraph. As previously described, 
turbulence is very complex. Some parts of the turbulence have to be modelled while other parts 
are numerically solved. Many different turbulence models are available that are not universally 
applicable. Therefore knowledge is required related to the models, to be able to choose the best 
approach for a given situation. In this study, the RANS method was used, therefore it is 
addressed most elaborate. 

3.2.2.1 Direct Numerical Simulation (DNS) 

 
DNS is the approach in which the Navier-Stokes equations are solved for all of the motions in 
the turbulent flow. Since all scales of the turbulence are solved, this method is “exact” but it 
puts very high demands on computational resources. Currently, DNS is possible only at low 
Reynolds numbers and for relatively simple geometries. It is used for studying and 
understanding turbulence and for the verification of RANS and LES turbulence models [17]. 

3.2.2.2 Large Eddy Simulation (LES) 

 
In this method the filtered Navier-Stokes equations are solved. This means that the small 
turbulent eddies are removed. The largest-scale motions of the flow are exactly solved, while 
the small-scale motions are modelled: the filtering process generates additional unknowns that 
must be modelled in order to obtain closure. In this case turbulence models are required. 
Because they are only used to model the scales of turbulence smaller than the size of the filter 
(grid), they are called “subgrid-scale models” [17]. Because this method solves more of the 
turbulence and models less (compared to RANS, which is discussed in paragraph 3.2.2.3), the 
accuracy of the simulation is improved since large eddies contain most of the turbulent energy 
and are now solved [19]. The computational requirements, however, are significantly increased. 
Important research work in this field is ongoing and in an increasing number of cases, 
simulations of wind flow around buildings with LES are conducted. 

3.2.2.3 Reynolds-Averaged Navier-Stokes equations (RANS) 

 
The RANS equations are obtained by decomposing the solution variables from the instantaneous 
Navier-Stokes equations (Equation 3.1-4) into a mean and a fluctuating component and by 
substituting in the instantaneous equations and averaging the equations (ensemble- or time 
averaging). This results in the following Reynolds-Averaged Navier-Stokes (RANS) equations 
(Equation 3.8-11) for incompressible flow [17]. 
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  Equation 3.8 

 
  Equation 3.9 

 
Equation 3.10 

 
Equation 3.11 

 

In which V  is the mean velocity vector, P is the mean pressure and U, V, and W are respectively 
the x, y and z components of the mean wind speed. The horizontal bar above the variables 
denotes the averaging. When comparing Equation 3.1-4 with Equation 3.8-11, it is clear that the 
averaging process has introduced some new variables between the square brackets. These 
variables are called they Reynolds stresses.  
 
Due to the presence of these Reynolds stresses, which represent the influence of turbulence on 
the mean flow, the RANS equations do not form a closed set as was the case for Navier-Stokes 
equations. Closure therefore must be obtained by modelling the Reynold Stresses. These 
modelling approximations are called turbulence models.  
 
The best known turbulence model is the k-ε model and is used in many engineering applications. 
There are three available variants of the model, namely the standard [20], RNG [21] and 
realizable [22] model with some small differences. This two-equation model with transport 
equations for k and ε is based on the Boussinesq hypothesis. In the RANS approach, the Reynolds 
decomposition leads to six additional terms in the RANS equations which are called the Reynolds 
stresses [18]. The Boussinesq hypothesis relates the Reynolds stresses to the mean velocity 
gradients by using an eddy (or turbulent) viscosity μt.  
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Figure 3.3.1: Different layers for flow near a wall [17]. 

 

3.3 Near-wall treatment 

The presence of walls significantly affects turbulent flows. Near walls the flow velocity is low, 
thus Reynolds numbers will be low and viscous effects will become more important. To be able 
to accurately predict the flow behaviour near the walls, a special treatment is required. In this 
chapter the basic concept of flow near walls is discussed and options are given to model the 
behaviour. 

3.3.1 Near-wall flow 

To understand flow near walls, the Reynolds number, calculated using Equation 3.5, is an 
important parameter. Far from the wall the inertial forces (UL) are much higher than the viscous 
forces (ν), resulting in a high Reynolds number which indicates turbulent flow. When moving 
closer to the wall, the viscous forces become more dominant causing a decrease in Reynolds 
number. 
 
Various experiments pointed out that the near-wall region can be divided into three layers [17]. 
In the most inner layer, called the linear sub-layer, the flow is almost laminar, and the viscous 
effects plays a dominant role in momentum transfer [17]. In the outer layer, called the log-law 
layer, turbulence plays a major role. Finally, there is a buffer region between the linear sub-layer 
and the log-law layer where the viscous effects and turbulence are equally important. In Figure 
3.3.1 the layers are visible in a scheme. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Important variables to describe the behaviour of flow in these regions are the wall unit (y+) and 
the wall velocity (u+) which can be calculated using Equation 3.12 and Equation 3.13 respectively 
[18]. It is important to consider these variables when choosing a turbulence model in 
combination with a type of near-wall treatment. 
 

u y
y 



 

                          Equation 3.12 
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u
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                           Equation 3.13 
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Figure 3.3.2: Turbulent boundary layer for flow near a wall [17]. 

 

 
In which uτ is the friction velocity, μ is the dynamic viscosity of the fluid, y is the distance from 
the wall and UT is the velocity of the fluid tangential to the wall. 
 
With the use of the equations the velocity (u+) in the various layers can be characterised. In the 
linear sub-layer (or viscous layer), very close to the wall (y+ < 5) the viscous effects dominate the 
flow and the velocity profile is linear, the wall unit (y+) is equal to the velocity (u+). In the buffer 
layer where the viscous and turbulent effects are equally important, the velocity profile of the 
linear sub-layer and the log-law layer are smoothly merged. Finally in the log-law layer where 
the inertial forces are dominant over the viscous forces (30 < y+ < 500), the velocity profile is 
characterised by the logarithmic law of the wall [17]. Outside the inner layer, no direct viscous 
effects are present in the flow. The velocity is decreased by the wall due to the presence of wall 
shear stress. In this region the log-law is not applicable anymore. In this case the relation 
between the velocity and the distance from the wall is given with the velocity-defect law [17]. 
 
The previously discussed relations between the wall unit (y+) and the velocity (u+) are presented 
in Figure 3.3.2 along with the classification of the various layers. The triangles and circles 
represent measurements in all four layers. In the next paragraph the available options for the 
modelling of the turbulent boundary layer near a wall are discussed. 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

  



Rob Vervoort (0774495)            Master Thesis          October 19 - 2016 

 

30  
 

3.3.2 Near-wall flow modelling 

There are two approaches to model the near-wall region. In one approach, the viscosity affected 
inner region (linear sub-layer and buffer layer) is not resolved. Instead, semi-empirical formulas 
called “wall functions” are used to bridge the viscosity-affected region between the wall and the 
fully turbulent region [18]. When using wall functions the turbulence models have to be created 
in such a way that they take the presence of the wall into account. This approach is called the 
wall-function method.  In the other approach, the turbulence models are modified in such a way 
that the viscosity-affected region can be resolved with a mesh all the way to the wall (including 
the linear sub-layer). This method is called the near-wall modelling or low-Reynolds number 
modelling method. These two methods require different modelling approaches and furthermore 
computational costs are not similar.  
 
In Fluent 15.0 it is possible to use standard wall functions, scalable wall functions and non-
equilibrium wall functions for the wall-function approach. Enhanced wall treatment can be used 
as low-Reynolds number modelling method. In this study, the wall-function approach has been 
applied in combination with standard wall functions. In the remainder of this paragraph, only 
the standard wall functions are addressed since they are relevant for this study.  

3.3.2.1 Standard wall functions 

 
A set of semi-empirical equations is used to cope with the inability of turbulence models to 
provide predictions of the flow in the near-wall region. The wall functions link the values at the 
centrepoint of the cell next to the wall with the wall. Wall functions provide the boundary 
conditions for the RANS equations and the transport equation of the turbulent kinetic energy. 
The standard wall functions are provided by Launder and Spalding [24] and are the most 
commonly used type of wall-treatment. In this section only the momentum and turbulence 
equations are discussed.  
 
The logarithmic law of the wall is valid when the centre of the first cell, P, is situated in the log-
layer. In this case the y+ value is an important parameter to consider. The mean velocity Up at 
point P can then be expressed with Equation 3.14-16 [18]. 
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                                                                                                       Equation 3.16 

 
In which UP is the mean velocity parallel to the wall at a distance P, yP is the distance from the 
wall to the centre of the wall adjacent cell (P), kP is the turbulent kinetic energy at the centre of 
the wall adjacent cell (P), u* is the dimensionless velocity, y* is the dimensionless distance from 
the wall, μ is the dynamic viscosity of the fluid, κ is the von Karman constant (0.38-0.42), E is an 
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empirical constant for the wall roughness (9-9.81), τw is the wall shear stress and Cμ is a constant 
taken from the turbulence model. 
 
In the k-ε models, the k equation is solved in the whole domain including the wall-adjacent cells. 
The boundary condition for k imposed at the wall is (Equation 3.17) [18]. 
 
 

0
k

y





                                                                               Equation 3.17 

 
 
In which y is the local coordinate normal to the wall. The source terms in the k equation are the 
production of kinetic energy Gk and the dissipation rate ε at the wall-adjacent cells. These terms 
are computed based on the local-equilibrium hypothesis. In this hypothesis it is assumed that 
the production of k and its dissipation rate are equal in the wall adjacent cells. The production 
of k is thus based on the logarithmic law and is computed with Equation 3.18 [18]. 
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                                                                                      Equation 3.19 
 
In contrast to the k-equation, the ε-equation is not solved at the wall-adjacent cells but directly 
calculated using Equation 3.19. The standard wall functions can provide good results for a wide 
range of wall-bounded flows [17]. However, they become less reliable when for example the 
near-wall regions are subjected to severe pressure gradients and when the flows are in strong 
non-equilibrium [18]. This is however not the case in this study. 
 
The dimensionless wall coordinates y+ (Equation 3.12) and y* (Equation 3.19) give important 
information about the applicability of certain near-wall models or near-wall guidelines that 
should be followed in order to obtain accurate results.  The range of y* values for which wall 
functions are suitable depend on the overall Reynolds number of the flow. The lower limit 
always lies in the order of y* ≈ 15. Below this limit, wall functions will typically deteriorate and 
the accuracy of the solutions cannot be maintained [18]. The upper limit strongly depends on 
the Reynolds number. The logarithmic layer can extend to values of thousands for high Reynolds 
number flow, whereas for low Reynolds number flow this number can be much lower. Since the 
log-law is valid for y+ > 30 ~ 60, a value in or slightly above this range might be chosen, several 
upper limits have been suggested [18].   
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3.4 Grid quality and sensitivity 

When solving a flow problem, the design of the grid is a very important parameter. As previously 
described the grid resolution is highly dependent of the near-wall modelling method that is used. 
Generally the grid has to fulfil some requirements so that the results of the simulation are not 
influenced by the quality and resolution of the grid. Some criteria presented by ANSYS Inc. [25] 
regarding the quality of a mesh are listed below.  
 

1. Extreme distortion of cells (e.g. angles above 90° for triangles) should be avoided, 
especially in areas of large flow gradients. Highly skewed or stretched cells are not 
desired.  

2. The expansion ratio of cells should be kept lower than 1.3 (sometimes 1.2), especially in 
the region of interest (where flow gradients are large). For LES even smaller expansion 
ratios are desired (1.05- 1.1).  

3. The resolution of cells should be high enough in regions where large flow gradients (e.g. 
near walls) are expected or in regions of interest.  

4. Depending on the type of near-wall treatment, the grid resolution should be chosen 
accordingly (y+ value). This is an iterative process, y+ is only known after performing a 
simulation.  

5. To accurately capture the flow across object, at least 10 cells are required.  
6. If possible, a structured grid should be applied in order to speed up convergence.  

 

Depending on the used models even more requirements can be suggested. However, the 
previously mentioned requirements are the most important ones that are taken into account in 
this report. In this case study it is difficult to fulfil requirement 5, due to the fact that in this case 
a very high amount of cells is required. Therefore, further away from the regions of interest, a 
minimum of 4 to 5 cells across an object is found satisfactory.  
 
Another important aspect during the grid design phase, is the grid sensitivity analysis. This 
analysis is performed to check whether the solution is independent of the grid. Most of the time 
this is done by comparing velocity or turbulence profiles for a number of grid resolutions. 
Depending on the number of cells, the designed grid can be refined with a constant factor to 
obtain the other grids. Because of the fact that the amount of cells in the grid of Eindhoven is 
very high (approximately 66 million cells) and the computational costs are significant, it is not 
efficient to perform a grid-sensitivity analysis on the grid. Therefore, a sub-configuration 
validation study is performed to look into the grid resolution. The sub-configuration validation 
study is discussed in paragraph 4.1 
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Figure 4.1.1: Unsheltered building configuration used for validation study [27]. 

 

4 Sub-configuration validation study 

An important aspect of CFD modelling is solution verification and validation to ensure the quality 
of results. In many occasions, measurement data is not available (e.g. simulations for complex 
urban environments). In this case, the model should be validated using studies for simpler 
configurations showing resemblance in flow features with those expected in the actual more 
complex configuration. This method is called sub-configuration validation [26]. In this case study, 
sub-configuration validation is applied. 

4.1 Sub-configuration validation 

The computational grid of the city centre of Eindhoven consists of a high amount of cells 
(approximately 66 million), therefore, it is nearly impossible to test different model parameters 
on the grid. For this reason a validation study is conducted on a smaller scale. This study is based 
on a series of wind tunnel experiments by Tominaga and Blocken [27]. Important parameters in 
this study are turbulence models and grid requirements. 
 
In the wind tunnel experiment, measurements of velocity fields and contaminant concentrations 
are performed for cross ventilation flow of a generic building with contaminant dispersion in 
unsheltered and sheltered conditions. For the validation study, the unsheltered conditions are 
chosen with the building configuration as presented in Figure 4.1.1. The measurement planes 
are positioned at y/W = 0.0, y/W = 0.5 and z/H = 0.5. In this report, only results for measurement 
plane y/W = 0.0 are presented. Further details, such as computational settings and the exact 
description of the experiment, are given in van Hooff’s validation study [28] and in the 
experimental paper [27]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The first part of the study is conducted by van Hooff [28]. The first step consists of a grid-
sensitivity analysis using three different grids. Velocity profiles are compared and the grid 
resulting in a grid-independent solution (5,321,588 cells) is chosen for further analysis. 
Subsequently a comparison is made of several commonly used turbulence models in cross 
ventilation research. Steady RANS simulations are performed in combination with the RNG k-ε 
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Figure 4.1.2: Comparison of mean dimensionless x-velocity (UX/UH) obtained with steady RANS 

simulations, with different turbulence models (solid and dashed lines), and with wind-tunnel 

measurements (), at seven vertical lines inside the building. (a) x/D = 0.125; (b) x/D = 0.25; (c) x/D 

= 0.375; (d) x/D = 0.5; (e) x/D = 0.625; (f) x/D = 0.75; (g) x/D = 0.875 at y/W = 0.0 [28]. 

 

model [21], the realizable k-ε model [22], and the SST k-ω model [29]. The results of these 
simulations are shown in Figure 4.1.2. The presented dimensionless x-velocity profiles are 
obtained in the y/W = 0.0 plane (UH = 4.3 m/s). Computational settings for these simulations are 
shown in Table 4.1.1.  
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Table 4.1.1: Summary of the boundary conditions and computational settings for the validation study. 
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Ground roughness Roughness length z0 = 0.0009 m 
Roughness height ks = 0.004407 m  
Roughness constant Cs = 2 [-] 

Building surfaces Roughness height ks = 0 m  
(smooth walls) 

Solver 3-D Steady RANS 

Turbulence modelling Realizable k-ε [21], RNG k-ε [22] and SST k-ω [29] turbulence models   

Near wall modelling Standard wall functions  [24] 

Species transport Density: volume-weighted-mixing-law 
Viscosity: constant 

Discretisation  Pressure-Velocity Coupling: SIMPLE 
Spatial Discretisation :  
Gradient: Least Squares Cell Based 
Pressure: 2nd Order 
Momentum, Turbulent Kinetic Energy, Turbulent Dissipation Rate and Species:  

2
nd

 Order Upwind 

 

In Figure 4.1.2, it can be seen that the results obtained with the RNG k-ε model and the SST k-ω 

model are almost identical. The results obtained with the realizable k-ε model deviate from the 

results obtained with the other models. The general flow pattern in the lower part of the building 

is better reproduced by the RNG k-ε model and the SST k-ω model, while the flow in the upper 

part is more accurately reproduced by the realizable k-ε model. Overall, the realizable k-ε 

turbulence model gives a good performance inside (and even better outside) the building. 

Furthermore, the realizable k-ε turbulence model has shown a good performance for wind flow 

around buildings and provides a good agreement with full-scale measurements in urban 

environments [30]-[31]. Therefore, for further analysis, the realizable k-ε turbulence model [22] 

is chosen. 

Another important factor is the grid resolution applied in the case study. In the previously 
discussed validation, a grid of approximately 5,000,000 cells is used to predict the velocity 
profiles in the building. For the case study of Eindhoven it is impossible to work with such a fine 
grid due to the fact that a large area, including many buildings, is modelled. For this reason the 
grid for the validation study is coarsened. Six grids with respectively 28,952, 47,037, 81,926, 
143,349, 282,642 and 650,393 are compared. Since that for the case study of Eindhoven, exact 
velocity profiles are not very relevant and the PM10 concentration is the target variable, tracer 
gas concentration profiles are compare for these six grids. Some results of these simulations are 
shown in Figure 4.1.3. In this case UH = 2.2 m/s as in the experiment. Grid parameters are shown 
in Table 4.1.2. 
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Figure 4.1.3: Comparison tracer gas concentration profiles obtained with steady RANS simulations, 

with different computation grids (Grid 1 = 28,952, Grid 2 = 47,037, Grid 3 = 81,926, Grid 4 = 143,349, 

Grid 5 = 282,642, Grid 6 = 650,393, Grid van Hooff = 5,321,588 cells). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 Amount of cells 

(total) 
Amount of cells (H) Amount of cells (W) Amount of cells (D) 

Grid 1 28,952 11 15 13 

Grid 2 47,037 13 17 15 

Grid 3 81,926 16 21 17 

Grid 4 143,349 19 25 21 

Grid 5 282,642 24 32 26 

Grid 6 650,393 32 42 34 

 
The results show that with fairly coarse grids, it is possible to give a fairly accurate representation 
of the concentrations of the dispersant in the building volume. The results for grid 5 and 6 
correspond rather well with the results of the much finer grid created by van Hooff [28]. 

Table 4.1.2: Grid information corresponding with simulation results presented in Figure 4.1.3. 
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Furthermore when averaging the concentrations over a larger plane, the grid resolution 
becomes less significant, in these cases coarser grids can be used. In the case study for 
Eindhoven, results are obtained in a horizontal plane at a height 1.75 m. In this case it is 
important to obtain accurate concentration profiles. Therefore, approximately the same grid 
resolution is applied in the case study of Eindhoven as for grid 5 in the validation study. In the 
parking garages, coarser grids are applied due to the fact that the streets are the regions of 
interest. More details regarding the computational grid are given in paragraph 5.1.6. 

4.2 Modelling of filter units 

An important parameter in the study is the method that is used to model the effect of the filter 
unit. Based on measurements, performed by ENS Europe, a filter efficiency of respectively 70% 
and 40% for PM10 and PM2.5, running at a volume flow rate of 9,000 m3/h, is suggested. To avoid 
complexity in the model, the filter unit should be simplified. Therefore, the filter is modelled as 
a 3-dimensional box, including an in- and outlet, with a source term and fixed velocity. To oppose 
the source terms and fixed velocities to the filter units, a specific cell zone is assigned to the filter 
units. In the next paragraph the User Defined Function (UDF), that was used to model the filter 
units, is discussed in detail. Subsequently, some tests that were performed before implementing 
the filter unit in the Eindhoven model are described. 

4.2.1 User defined function 

Before creating the UDF for the sink term in the filter unit, examples of UDFs and the ANSYS UDF 
guide [32] are analysed. The created UDF is shown below. The description of the functions is 
also given, in which each listed number corresponds to the line number in the UDF. 
 

/* ~~~~~~~~~~~~~~~~~~~UDF for sink term PM10~~~~~~~~~~~~~~~~~~~*/ 

#include "udf.h" 

1. real VFlow = 9000; 

2. real SInlet = 0.72;  

3. real FlowF = 1;  

 

4. DEFINE_SOURCE(filter_pm10,c,t,dS,eqn)  

{ 

5. real x[ND_ND];    

6. real source; 

7. real Vel = ((FlowF * VFlow) / 3600) / SInlet;     

8. real l_f = 2.5;    

9. real f_t = l_f /  Vel;    
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10. real PM10_eff = 1.251;    

11. real rho = C_R(c,t);    

12. real YI   = C_YI(c,t,0);   

13. real YI_kg_m3 = (YI * rho);   

 

14. C_CENTROID(x,c,t); 

15. source  = -1* (YI_kg_m3 * PM10_eff)  /f_t;    

16. return source; 

} 

 
1. The volume flow rate of the filter unit is specified, in this case 9,000 m3/h. 
2. The inlet surface of the filter unit is specified here, in this case 0.72 m2 (height = 1.2 m width 

= 0.6 m) 
3. A factor can be specified here to increase the volume flow rate of the unit. In this way it is 

easy to increase or decrease the volume flow rate of the filter units for different simulations. 
4. Defining the function: function name, thread and variable number. 
5. X is defined in ND_ND to serve memory area. 
6. Defining variable ‘source’ to which eventually the sink term value is assigned. 
7. Calculates the required velocity in the filter unit based on the volume flow and cross 

sectional area of the unit. 
8. The length of the filter unit is specified, in this case 2.5 m. 
9. The source term has to be specified in kg/m3s. The velocity in the filter unit is approximately 

3.5 m/s. The length of the filter unit is 2.5 m. Therefore, in this calculation it is important to 
account for the time that is required for the air to move through the filter unit. The latter is 
calculated here. 

10. The efficiency of the filter unit is specified here. The PM10 and PM2.5 efficiencies are 
respectively 70 and 40% (or 0.7 and 0.4). However, a PM10 filter efficiency of 1.251 is 
specified. This is discussed in paragraph 4.2.2. 

11. The density of the fluid in the cells is obtained (kg/m3). 
12. The mass fraction (-) of the species in the cells is obtained. 0 indicated the index of the 

species, in the order listed in the material property editor (0 is the index for the first 
material), for which the mass fraction has to be obtained. 

13. From the obtained mass fraction of the species and the density of the species, the 
concentration of the species is calculated (kg/m3). 

14. Find the coordinates of the centroid of the cells and stores the coordinates in an array. 
15. From the species concentrations, the amount that has to be filtered is calculated using the 

specified filter efficiency and the time that is required for the air to pass through the unit. 
16. The calculated value of the source term is returned to fluent. 
 
Before implementing the filter units with the corresponding UDF in the model of Eindhoven, 
some tests are performed to make sure that everything is working properly. The tests are briefly 
discussed in the next paragraph. 
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Figure 4.2.1: Computational domain for UDF filter unit test simulations, red indicates walls and blue 

indicates the cell zone for the filter unit. 

 

4.2.2 Test simulations 

First the UDF is tested in a simple 2 dimensional simulation. The computational domain for the 
test simulations is shown in Figure 4.2.1. The domain consists of an enclosed volume bounded 
by walls (visible in red). The filter unit is positioned in the centre of the volume, a cell zone 
condition is assigned for the filter unit (visible in blue). The length of the filter unit is 2.5 m as is 
the case for the Eindhoven case study. The filter unit is implemented as an open channel 
bounded by walls with an in- and outlet opening. To ensure a specific volume flow rate through 
the filter unit, a fixed velocity is assigned to the filter unit cell zone condition. To the latter, also 
the (negative) source term, specified in the UDF, is assigned. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The enclosed volume is patched with a specific concentration PM10 concentration at t = 0 s and 
subsequently an unsteady RANS simulation is started (with time steps of 1 s) for a duration of 
2000 seconds. The filter efficiency that is specified in the UDF is 100% (or 1.0 (-)). Further 
computational settings are shown in Table 4.2.1. 
 

 

Model parameters 

Inlet/outlet No domain inlet or outlet present 

Filter unit Fixed velocity: 3.5 m/s 
Modelled efficiency: 100% (sink term) 

Wall roughness Roughness height ks = 0 m  
(smooth walls) 

Solver 2-D Unsteady RANS (and 3-D Unsteady RANS for comparison) 

Turbulence modelling Realizable k-ε turbulence model [21] 

Near wall modelling Standard wall functions  [24] 

Species transport Density: volume-weighted-mixing-law 
Viscosity: constant 
Energy equation: not solved 

Discretisation  Pressure-Velocity Coupling: SIMPLE 
Spatial Discretisation :  

Table 4.2.1: Summary of the boundary conditions and computational settings for the validation study. 
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Figure 4.2.2: Results for UDF filter unit test simulations. 

 

Gradient: Least Squares Cell Based 
Pressure: 2nd Order 
Momentum, Turbulent Kinetic Energy, Turbulent Dissipation Rate and Species:  

2
nd

 Order Upwind 

 
 
The results of this simulation are shown in Figure 4.2.2. In figure A, the PM10 outlet mass fraction 
is plotted against the PM10 inlet mass fraction for all 2000 time steps. In figure B, the PM10 filter 
efficiency, calculated from the in- and outlet PM10 mass fractions, is plotted against the time. As 
visible in figure A, there is a linear relation between the PM10,inlet and PM10,outlet mass 
fractions. However, when looking at figure B, it is clearly visible that the specified efficiency of 
1.0 (100%) is not met. The specified efficiency of 1.0 results in a simulated efficiency of around 
0.63 (63%). 
 
Subsequently, different efficiencies are specified in the UDF to find the relation between 
specified and simulated efficiencies. The results are shown in Figure 4.2.3. The obtained curve 
is used to choose the correct efficiency that is specified in the UDF for the case study of 
Eindhoven. To make sure that the 2 dimensional test results resemble the 3 dimensional 
situation in the Eindhoven case study, simplified 3 dimensional simulations are performed (again 
in a simple enclosed volume). The results of both simulations matched (as visible in Figure 4.2.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 

A 
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Figure 4.2.3: UDF filter unit test simulations – simulated versus specified efficiency. 

 

 
 
 
 
  



Rob Vervoort (0774495)            Master Thesis          October 19 - 2016 

 

42  
 

Figure 5.1.1: 12-sided polygon highlighting the computational domain area of Eindhoven [5]. 

 

5 Model overview 

To model the effect of the filter units, positioned in parking garages, on the PM10 concentrations 
in a city, a case study for the city of Eindhoven is chosen. For the purpose of a wind energy 
potential study in Eindhoven, A. Papadopoulos created a computational grid of the city centre 
of Eindhoven [5]. This grid lies at the basis of the newly generated grid. The grid is updated to 
the current built environment and parking garages are added. Furthermore, the grid is changed 
because the requirements and regions of interest are different for this project. These aspects 
are discussed in more detail in this chapter. 
 
The computational domain covers an area of about 5.1 km2, as shown in Figure 5.1.1. Eindhoven 
is located in the south of the Netherlands in the province of North-Brabant. It is the 5th largest 
city of the Netherlands with 225.020 inhabitants [33]. The city centre of Eindhoven is 
characterised by a mixture of low-rise and a few high-rise buildings, both commercial and 
residential, with open areas such as roads, parks and squares. 
 

 
 

5.1 CFD modelling guidelines 

The methodology that is used for the setup of this case study, is based on the Best Practice 
Guidelines by Franke et al. [23] which include the steps mentioned below: 
 

1. Choice of target variables 
2. Choice of approximate equations describing the physics of the flow 
3. Choice of the geometrical representation of obstacles 
4. Choice of the computational domain 
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5. Choice of boundary conditions 
6. Choice of initial data 
7. Choice of the computational grid 
8. Choice of the numerical approximations 
9. Choice of the time step size 
10. Choice of iterative convergence criteria 

 
These steps are discussed in more detail in this chapter. In addition to the guidelines to setup a 
case study, validation of CFD results with experimental research or in-situ measurements is 
imperative to ensure the quality of the solution. For complex cases, such as the current study, 
this is not always possible. Therefore, multiple case-studies are analysed and guidelines are used 
accordingly (Tominaga et al. [34] Blocken et al. [35] van Hooff and Blocken [30]). In this case 
study, quality assurance is based on sub-configuration validation with wind tunnel experiments 
by Tominaga and Blocken [27]. 

5.1.1 Target variables 

The first step is to define the target variables. These are variables that are representative for the 
goals of the simulation. In this study, the target variables are PM10 concentrations. These are 
crucial factors affecting people’s health as mentioned in the literature study. 
 
The variables that are considered in the result section are PM10 reduction factors at a height of 
1.75 meters in the streets. For this study the reduction factor is presented as the difference 
between the simulation with and without filter units in terms of a percentage of the case without 
filter units, thus concentration reduction percentage. This can be translated into the following 
equation: 
 

100%filter nofilter

nofilter

PM PM
reduction

PM


             Equation 5.1 

In this case PMnofilter is the particulate matter concentration from the base-case simulation in 
which the efficiency of the filter units is zero. All the results are presented relative to the 
simulation without filter units. Other important target variables are the PM10 concentration 
reductions in the parking garages, the effects of the filter units will be most significant here. 

5.1.2 Approximate equations 

The choice of the basic equations has the largest impact on the modelling errors and 
uncertainties referring to the physics [23]. In general, turbulent flow within urban environments 
is modelled by the Navier-Stokes equations. In this case study, steady Reynolds-Averaged 
Navier-Stokes (RANS) in combination with the realizable k-ε turbulence model is used for 
turbulence closure [22]. This specific model is used due to the fact that it has shown a good 
performance for wind flow around buildings and provides a good agreement with full-scale 
measurements in urban environments [30]-[31]. RANS is the most validated method in CFD and 
compared to e.g. Large Eddy Simulation (LES) the required computational costs are significantly 
lower [34].  
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Figure 5.1.2: Minimum size of the computational domain according to BEST practice guidelines [23]. 

 

5.1.3 Choice of the geometrical representation of obstacles 

The computational domain consists of two components (Figure 5.1.3); the 12-sided polygonal 
domain consisting of the buildings and garages in the area of interest (buildings modelled 
explicitly) and a surrounding rectangular domain. 
 
In the 12-sided polygonal domain which is the area of interest, the buildings are modelled 
explicitly. The main form of the building is modelled, geometries such as roof shapes, balconies 
and columns are not modelled. Close to the locations of parking garages also pedestrian 
passages in buildings are taken into account. Buildings with similar heights are not modelled 
separately. Furthermore shapes of buildings are simplified to reduce the amount of used cells in 
the domain. Height variations in urban environment, such as stairs and furniture are not 
modelled explicitly. These simplifications are required due to the fact that the number of cells 
has to be taken into account. However, it is important to mention that the model is kept as 
realistic as possible. 
 
More information regarding the grid and grid resolution is given in paragraph 5.1.6. 
Visualisations of the grid are presented in paragraph 5.2. 

5.1.4 The computational domain 

As mentioned before, only 5.1 km2 (the city centre) of Eindhoven is modelled as shown in Figure 
5.1.1, covering the area in which most, and the largest, parking garages are located. Analysing 
the whole city of Eindhoven would require a great amount of computational recourses.  
 
To ensure that the results are trustworthy, attention is given to the domain that is modelled in 
less detail; the surrounding. Franke et al. [23] stated that the domain should be large enough, 
to make sure that the wakes of the (explicitly modelled) buildings are not influenced by the 
boundaries of the domain. Figure 5.1.2 shows the suggested size of the computational domain. 
In this figure, H represents the height of the tallest building in the domain (Admirant tower, 105 
m). For a single-building model, the lateral and the top boundary should be set 5H or more away 
from the building. The inlet and outlet of the domain should be positioned at respectively 5H 
and 15H away from the building. 
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For the current domain, there are some small differences with the guidelines suggested by 
Franke et al. [23]. The height of the computational domain is set at 600 m which is 5.7H. 
Furthermore the length of the domain upstream of the computation domain is 3H unlike the 5H 
that was suggested. This alteration has been adapted to avoid streamwise gradients in wind 
velocity [25].  
  
Another important factor when looking at the size of the computational domain is the blockage 
ratio. The blockage ratio can be defined as the area of the building façades projected towards 
the inlet divided by the cross sectional area of the domain perpendicular to the flow direction. 
The blockage ratio should be less than 3% [34]. In this study the dimensions of the domain where 
chosen accordingly so that the blockage ratio is less than 3%. When this condition is not met, 
undesired acceleration of the wind velocity near the model can be present. Most of these 
guidelines are obtained from wind tunnel experiments. 

5.1.5 Boundary conditions 

During the pre-processing phase, boundary conditions are applied at the inlet, outlet, bottom, 
top and sides of the computational domain. They thus refer to the surrounding of the 
computational domain and important parameters are the aerodynamic roughness length (z0), 
sand-grain roughness height (ks), roughness constant (Cs), in- and outlet velocity (U), turbulent 
kinetic energy (k) and dissipation rate (ε) profiles. Other boundary conditions addressed in this 
paragraph are the sources of PM10 and PM2.5 pollution. 

5.1.5.1 Aerodynamic roughness length (z0) 

 
The vertical velocity profile at the inlet, determined with the log-law, is closely related to the 
aerodynamic roughness length (z0). The aerodynamic roughness length depends on the nature 
(size, shape, orientation and spacing) of the roughness elements on the surface. It can be 
interpreted as a measure of the size of the eddies at the surface [17]. A roughness classification 
(revised Davenport classification [36]) has been developed for wind engineering purposes. In 
Table 5.1.1, the landscape is described for the different classifications. The higher the 
classification, the rougher or more irregular the terrain. It is however important to note that the 
log-law cannot be used to describe the flow around individual objects. The profiles are used to 
describe the mean horizontal wind speed over irregular, rough surfaces (e.g. towns, forests) 
above a certain height where there is no influence of the individual roughness elements on the 
flow and to describe the vertical wind profile that is formed after having experienced a rough 
terrain with a fetch of at least 5 km [17]. 
 

 
z0 (m) Landscape description 

1: 0.0002 
Sea 

Open sea or lake (irrespective of the wave size), tidal flat, snow-covered flat plain, 
featureless desert, tarmac and concrete, with a free fetch of several kilometres. 

2: 0.005 
Smooth 

Featureless land surface without any noticeable obstacles and with negligible 
vegetation; e.g. beaches, pack ice without large ridges, morass, and snow-covered 
or fallow open country. 

3: 0.03 
Open 

Level country with low vegetation (e.g. grass) and isolated obstacles with 
separations of at least 50 obstacle heights; e.g. grazing land without windbreaks, 
heather, moor and tundra, runway area of airports. 

Table 5.1.1: Revised Davenport classification for the definition of aerodynamic roughness length [36]. 
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4: 0.10 
Roughly open 

Cultivated area with regular cover of low crops, or moderately open country with 
occasional obstacles (e.g. low hedges, single rows of trees, isolated farms) at 
relative horizontal distances of at least 20 obstacle heights. 

5: 0.25 
Rough 

Recently developed "young" landscape with high crops or crops of varying height, 
and scattered obstacles (e.g. dense shelterbelts, vineyards) at relative distances of 
about 15 obstacle heights. 

6: 0.5 
Very rough 

"Old" cultivated landscape with many rather large obstacle groups (large farms, 
clumps of forest) separated by open spaces of about 10 obstacle heights. Also low 
large vegetation with small interspaces, such as bush land, orchards, young densely 
planted forest. 

7: 1.0 
Closed 

Landscape totally and quite regularly covered with similar-size large obstacles, with 
open spaces comparable to the obstacle heights; e.g. mature regular forests, 
homogeneous cities or villages. 

8:  2.0 
Chaotic 

Centres of large towns with mixture of low-rise and high-rise buildings. Also 
irregular large forests with many clearings. 

 
In this study, the different values of z0 are assigned to the terrain, surrounding the computational 
domain, based on the description in Table 5.1.1, to determine the velocity profile at the inlet. 
The aerodynamic roughness length near Eindhoven was also characterised by Blocken et al. [35]. 
Figure 5.1.3 shows the analysis of the aerodynamic roughness length in the region surrounding 
the computational domain, shown in the middle of the figure, with a radius of 10 km. 
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Figure 5.1.3: Aerodynamic roughness length in the region with a radius of 10 m around the 

computational domain. 
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5.1.5.2 Wind direction 

 
The estimation of the purifying effect of the filter units in specific regions is related to the 

velocity and the direction of wind (on an annual basis). The direction of the wind at a specific 

location changes over time and is certainly not steady. The wind direction is reported by the 

direction from which it originates in cardinal directions or in azimuth degrees (e.g. cardinal 

direction ‘E’ for ‘east’ corresponds to an azimuth angle of 90 degrees). 

Due to the size of the computational grid and the enormous computational costs, it is not 
possible to model multiple wind directions. Therefore, in this case the wind direction is chosen 
for which particulate matter concentrations in Eindhoven are relatively high. The KNMI 
(Koninklijk Nederlands Meteorologisch Instituut) provides wind rose diagrams for several Dutch 
cities. The wind rose diagram for Eindhoven is presented in Figure 5.1.4. 
 

 

 
 
 
The figure presents the following information: 
 

1. The percentage of no wind (presented in the centre with the corresponding radius) as a 
cumulative value of all wind directions. 

2. The frequency of appearance of the different wind directions as a percentage of the 
total amount of available observations. 

3. The average wind velocity for each wind direction with the corresponding percentage 
of occurrence. 

 
In Figure 5.1.4 it is clearly visible that S (φ = 180o), SSW (φ = 210o), WSW (φ = 240o) and W (φ = 
270o) are the prevailing directions with a percentage of occurrence of relatively 8.46, 15.51, 
15.31 and 9.47. 
 

Figure 5.1.4: Wind rose diagram for Eindhoven [37]. 
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Figure 5.1.5: Annual distributive probability based on KNMI data from 1971 to 2000 [37]. 

 

Due to that the fact that in most cases the wind velocities are relatively high for the prevailing 
wind direction in the Netherlands (south-west), the prevailing wind direction is not interesting 
in this case study. As a result of the relatively high wind velocities, the pollutants are naturally 
removed from the city centre. Furthermore the highest concentrations of particulate matter are 
not experienced during phases of wind from the south-west [38]. It is noticed that the 
concentrations of pollutants changes constantly with changing weather conditions. When the 
wind velocities are low, the pollutants do not spread and the concentration remains high. 
Furthermore it was noticed that with a south-east wind, the highest PM10 concentrations are 
measured in Eindhoven [38]. This is due to the fact that pollutants, sometimes from hundreds 
of kilometres away, are transported through the air (e.g. from industrial areas). When 
considering the wind velocities for the south-east wind direction, it is also noticeable that the 
wind velocities are lower than for the case with a south-west wind direction (Figure 5.1.4). 
Therefore, the most problematic case with a south-east wind direction is modelled. 
 
Figure 5.1.5 shows the percentage of occurrence of the wind velocities as a percentage of the 
total amount of available observations. Figure 5.1.6 shows the percentage of occurrence of the 
wind velocities as a percentage of the total amount of the available observation for the S, SSE, 
ESE and E wind direction. The data is obtained from measurements at a height of 10 m [39]. As 
visible in figure, the prevailing wind velocities for different wind directions are as followed: S = 
3.0-3.9 m/s, SSE = 2.0-2.9 m/s, ESE = 2.0-2.9 m/s and E = 2.0-2.9 and 3.0-3.9 m/s. Based on the 
data, provided by the KNMI (mainly looking at the data for the SSE and ESE wind direction), and 
keeping in mind that problems with pollution are higher at low wind velocities, it is interesting 
to run simulations for the south-east wind direction with a reference velocity, at a height of 10 
meter, of 1 m/s.  
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Figure 5.1.6: Annual relative distributive probability based on KNMI data from 1971 to 2000 [37]. 

 

 
 
 
 

5.1.5.3 Inlet profiles 

 
Due to the fact that only one wind direction (SE) is modelled, only one aerodynamic roughness 
length has to be considered for the determination of the velocity (U), turbulent kinetic energy 
(k) and dissipation rate (ε) profiles at the inlet. 
 
As previously discussed, the logarithmic law is used to determine the velocity profile at the inlet 
of the computational domain. Now that the aerodynamic roughness length (z0 = 0.5 m) for the 
fetch of the south-east wind direction is known, the profile is calculated using Equation 5.2 [40]. 
It was found that it is interesting to model a relatively low wind velocity because the spreading 
of pollution is slow in such cases (thus high concentrations of pollutants occur). Therefore a 
velocity of 1 m/s is modelled.  First the friction velocity (u*

ABL)  is calculated using reference wind 
velocities (uref) of 1.0 m/s at a reference height (zref) of 10 m and von Karman constant (κ) 0.42.  
 

*

0

0

ln

ref
ABL

ref

u
u

z z

z




 
 
 

                           Equation 5.2 

Figure 5.1.7 presents the wind-velocity profiles computed with the log-law using the 
corresponding values for the friction velocity and aerodynamic roughness length (z0) 0.5 m. Note 
that for comparison, profiles for a reference velocity of 2.5 m/s are also shown. 
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Figure 5.1.7: Inlet velocity profiles computed with the logarithmic law. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Subsequently the turbulent kinetic energy (k) and dissipation rate (ε) are calculated using 

Equation 5.3 and Equation 5.4 [40], in which Cμ (=0.09) is a model constant of the standard k-ε 

model. This results in a constant profile for the turbulent kinetic energy that often does not fit 

well with measured profiles. However, due to roughness of the terrain, the initially constant 

value of the turbulent kinetic energy is soon lost [41]. 

 
*2
ABLu

k z
C

               Equation 5.3 

 
 

*3

0

ABLu
z

z z






             Equation 5.4 

The profiles for the turbulent kinetic energy (k) and dissipation rate (ε) are respectively shown 
in Figure 5.1.8 A and B. 
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Figure 5.1.8: Inlet velocity profiles turbulent kinetic energy (A) and dissipation rate (B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Before opposing the previously described profile to the inlet, all the profiles are verified in the 
computational domain without buildings. The modelled profiles corresponded well with the 
calculated profiles. An example of the verification is shown in Figure 5.1.9. 
  

A 

B 
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Figure 5.1.9: Calculated and modelled velocity (A) and dissipation rate (B) profiles at location C. 
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5.1.5.4 Wall roughness 

 
In almost all CFD simulations of the lower part of the ABL, an accurate description of the flow 
near the ground surface is required. Blocken et al. [41] suggest a set of four requirements that 
have to be simultaneously satisfied in the main part of the domain since it is generally impossible 
to satisfy all four requirements [41]. 
 

1. A sufficiently high mesh resolution in the vertical direction close to the bottom of the 

computational domain (e.g. height of first cell <1 m), 

2. A horizontally homogeneous ABL flow in the upstream and downstream region of the 

domain. 

3. A distance zP from the centre point P of the wall-adjacent cell to the wall (bottom of 

domain) that is larger than the physical roughness height kS of the terrain (zP > kS). 

4. Knowing the relationship between the equivalent sand-grain roughness height kS and 

the corresponding aerodynamic roughness length z0. 

 

As visible in the requirements, the sand grain roughness (kS) is an important parameter. For 
Fluent, it is calculated using Equation 5.5, in which Cs is the roughness constant 
 

09.793S

S

z
k

C
                                                                                                Equation 5.5 

 
The value of the roughness constant (Cs) can be set up to a maximum of 7 using a User Defined 
Function (UDF). The calculated equivalent sand-grain roughness and corresponding roughness 
constant are given in Table 5.1.2. 
 

 
Wall roughness 

Building wall surfaces Roughness length z0 = 0.005 m 
Roughness height ks = 0.1 m  
Roughness constant Cs = 0.5 [-] 

Ground wall surfaces Roughness length z0 = 0.5 m (comp. domain) | 0.03 m (building site) 
Roughness height ks = 0.7 m (comp. domain) | 0.042 m (building site) 
ground adjacent cell height = 1.5 m (comp. domain) | 0.357 m (building site) 
Roughness constant Cs = 7 [-] 

 

5.1.5.5 Pollution sources 

 
Other important parameters in the computational model are the method that is used to model 
pollutant dispersion and the way how the pollutant sources are modelled. In the solver (ANSYS 
Fluent), species transport is enabled. Subsequently a mixture is created in the material library 
consisting of air, PM10 and PM2.5. In this case study, the properties of PM10 and PM2.5 are identical 
to the properties of air, as specified by Fluent. The density of the mixture is based on the volume-
weighted-mixing-law, the viscosity is constant. The energy equation is not solved during the 
calculations. 
 

Table 5.1.2: Calculated roughness parameters. 
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Figure 5.1.10: Traffic intensity data for an average week day in 2020 obtained from the SRE 3.0 

traffic model [42]. 

 

Subsequently the PM10 pollutants in the computational domain are considered. In this case 
study, the only pollutants that enter the domain are traffic emissions and background 
concentrations. Traffic emissions are discussed in this paragraph while background 
concentrations are discussed in paragraph 5.1.5.6. 
 
The pollutant emission due to traffic is closely related to the traffic intensity. Therefore, 
modelled traffic intensity data are obtained from the municipality of Eindhoven [42]. A traffic 
model (SRE 3.0) is used to estimate the number of vehicles on a road during an average week 
day (24 hours) for 2020, in Figure 5.1.10 the data are presented. The size of the domain in which 
the buildings are explicitly modelled is represented by the coloured 12 sided polygon. The area 
within the 12 sided polygon is divided into 9 smaller domains, more details regarding the domain 
configuration are given in paragraph 5.1.6. The sources are assigned to these 9 subdomains. 
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The source term is then calculated using Equation 5.6. 
 

vehiclesnr s E
source

V t

 





                                                                                Equation 5.6 

  
In which nrvehicles is the number of vehicles on a road section during an average week day, s is the 
length of the road section in km, E is the total traffic emission in g/km (depending on the traffic 
type as presented in Table 5.1.3), V is the volume of the cell zone to which the source term is 
assigned and t is the averaging period in s, resulting in a source term in g/m3s. To determine the 
total source term for each subdomain, a summation is made over all the road sections within 
each subdomain.  A more detailed description regarding this equation is given below. 
 
For each of the 9 subdomains, the number of driven kilometres is calculated using the data from 
Figure 5.1.10. This is done by measuring the length of all the road segments within the domain 
and multiplying the measured distances with the number of vehicles. With the driven 
kilometres, the PM10 and PM2.5 emissions are calculated. Rijkswaterstaat provides data to 
calculate air pollution in the Netherlands. In Table 5.1.3 the total emission from burning fuel and 
mechanical wear is given for different traffic types [43]. 
 

 

 
 
In this case, stagnant city traffic is traffic with a high degree of congestion, an average speed of 
less than 15 km/hour, and on average about 10 stops per kilometre. Normal city traffic is traffic 
with a reasonable degree of congestion, an average speed between 15 and 30 km/hour, and on 
average about 2 stops per kilometre. Smooth city traffic is traffic with a relatively large 
proportion of “free-flow” behaviour, with an average speed between 30 and 45 km/hour, and 
on average about 1.5 stops per kilometre. For the calculation of the emissions in the streets of 
Eindhoven, the data for normal city traffic is used. 
 
As previously described, the traffic intensity data (Figure 5.1.10) are given over 24 hours. 
Therefore, the emissions are known for each domain in grams per 24 hours. In the solver (ANSYS 
Fluent), the source terms have to be given in kg/m3s. First of all, it is not representative to 
average the emissions over 24 hours due to the fact that during the night the traffic intensity is 
much lower. Therefore the assumption is made to divide by 10 hours instead of 24 hours to get 
from emission in grams per day to the emission in grams per second.  
 

CALCULATION DATA FOR 

2016

milion km % PM10 PM2.5 PM10 PM2.5 PM10 PM2.5

Total traffic 26561 100.0% 0.0461 0.0228 0.0423 0.0183 0.0414 0.0174

Passenger cars 20954 78.9% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158

Motorcycles 387 1.5% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158

Mopeds 1570 5.9% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158

Vans 2643 10.0% 0.0390 0.0184 0.0370 0.0158 0.0370 0.0158

Lorries 413 1.6% 0.2254 0.1234 0.1810 0.0790 0.1586 0.0566

Tractors 269 1.0% 0.2462 0.1512 0.1898 0.0948 0.1632 0.0682

Buses 248 0.9% 0.2048 0.1278 0.1498 0.0728 0.1250 0.0480

Special vehicles total

    - Light 22 0.1% 0.2254 0.1234 0.1810 0.0790 0.1586 0.0566

    - Heavy 55 0.2% 0.2462 0.1512 0.1898 0.0948 0.1632 0.0682

Traffic in urban 

areas in 2013

City stagnant a) 

(g/km)

City normal b) 

(g/km)

City smooth c) 

(g/km)

Table 5.1.3: Total Emission burning fuel and mechanical wear [43]. 
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The volume of the domain to which the source term is opposed, also has to be taken account. 
Each subdomain of the computational domain is split into three cell zone zones namely the 
volumes of the parking garages, the volumes of the streets (from the ground surface up to 1.5 
m) and the remaining volume (from a height of 1.5 m up to the top of the domain at 600 m). The 
sources of emission due to traffic, as discussed in this paragraph, are assigned to the volumes of 
the streets. The sources are uniformly spread over these volumes for each of the 9 subdomains. 
To calculate the source term in kg/m3s, therefore, the volumes (m3) of the street cell zones are 
calculated. Sources of pollution are also assigned to the garages, these are discussed in 
paragraph 5.1.5.7.  The values of the source terms for each of the 9 subdomains are presented 
in Table 5.1.4. For the subdomain ‘Tue’ the source term is altered to 0. This is due to the fact in 
the largest area of the domain, the traffic intensity is very low. However the ring of Eindhoven 
crosses this domain on the edge, resulting in a high amount of driven kilometres, which is not 
representative for the entire subdomain. 
 

 
Pollution 

1: Kruisstraat Driven kilometres: 44,381 km per 24h 
Volume source cell zone: 796,154 m3 
PM2.5  emission: 813.5 g per 24h 
PM10 emission: 1,876.2 g per 24h 
PM2.5  emission: 2.84 *10-2 µg/m3/s 
PM10 emission: 6.55 *10-2  µg/m3/s 

2: Bunker Driven kilometres: 67,650 km per 24h 
Volume source cell zone: 666,071 m3 
PM2.5  emission: 1,240.1 g per 24h 
PM10 emission: 2,859.9 g per 24h 
PM2.5  emission: 5.17 *10-2 µg/m3/s 
PM10 emission: 1.19 *10-1  µg/m3/s 

3: Tue  Driven kilometres: 90,706 km per 24h 
Volume source cell zone: 644,521 m3 
PM2.5  emission: 1,662.7 g per 24h 
PM10 emission: 3,834.7 g per 24h 
PM2.5  emission: 7.17 *10-2 µg/m3/s 
PM10 emission: 1.65 *10-1  µg/m3/s 
 
Altered: 
PM2.5  emission: 0 µg/m3/s 
PM10 emission: 0 µg/m3/s 

4: Kanaal Driven kilometres:  11,865 km per 24h 
Volume source cell zone: 644,250 m3 
PM2.5  emission: 217.5 g per 24h 
PM10 emission: 501.6 g per 24h 
PM2.5  emission: 9.38 *10-3 µg/m3/s 
PM10 emission: 2.16 *10-2  µg/m3/s 

5: Dommel 
 

Driven kilometres: 23,845 km per 24h 
Volume source cell zone: 653,054 m3 
PM2.5  emission: 437.1 g per 24h 
PM10 emission: 1,008.1 g per 24h 
PM2.5  emission: 1.86 *10-2 µg/m3/s 
PM10 emission: 4.29 *10-2  µg/m3/s 

6: Stratum Driven kilometres: 18,433 km per 24h 
Volume source cell zone: 263,611 m3 
PM2.5  emission: 337.9 g per 24h 
PM10 emission: 779.2 g per 24h 
PM2.5  emission: 3.56 *10-2 µg/m3/s 
PM10 emission: 8.21 *10-2  µg/m3/s 

Table 5.1.4: Calculated driven kilometres and source term values for 9 subdomains. 
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7: Bommel Driven kilometres: 21,761 km per 24h 
Volume source cell zone: 314,843 m3 
PM2.5  emission: 398.9 g per 24h 
PM10 emission: 919.9 g per 24h 
PM2.5  emission: 3.52 *10-2 µg/m3/s 
PM10 emission: 8.12 *10-2  µg/m3/s 

8: Stadium Driven kilometres: 52,830 km per 24h 
Volume source cell zone: 441,384. m3 
PM2.5  emission: 968.4 g per 24h 
PM10 emission: 2,233.4 g per 24h 
PM2.5  emission: 6.09 *10-2 µg/m3/s 
PM10 emission: 1.41 *10-1  µg/m3/s 

9: Station Driven kilometres: 33,616 km per 24h 
Volume source cell zone: 439,928 m3 
PM2.5  emission: 616.2 g per 24h 
PM10 emission: 1,421.1 g per 24h 
PM2.5  emission: 3.89 *10-2 µg/m3/s 
PM10 emission: 8.97 *10-2  µg/m3/s 

5.1.5.6 Background concentrations 

 
In the previous paragraph the sources of pollution (traffic) in the computational domain are 
discussed. However, during this simulation, also background concentrations have to be taken 
into account. These background concentrations of PM10, originate from sources outside of the 
area that is modelled.  These background concentrations are assigned to the inlet of the 
computational domain. 
 
In the Netherlands, there are several stations where PM10 and PM2.5 concentrations are 
measured. For this case study, the data from Veldhoven Europalaan [44], located approximately 
6 km south-west of the Eindhoven city centre, is used. To obtain the background concentrations 
hourly data for 2015 are used. 
 
As discussed in chapter 2, background concentrations are highly dependent on the wind 
direction. Since that in this case study, the south-east wind direction is modelled, background 
concentrations for this wind direction are required. Therefore KNMI [39] data are used to couple 
the Veldhoven Europalaan measurement to a wind direction. Measurement results for two 
different wind directions are shown in Table 5.1.5. 
 

 
Background concentration with resembling wind direction 

North-east 
 

PM10  = 22.5 (µg/m3)          
PM2.5  = 15.5 (µg/m3) 

South-east PM10  = 17.3 (µg/m3)                 Inlet mass fraction = 1.41 * 10-8 (-) 
PM2.5  = 8.4 (µg/m3)                  Inlet mass fraction = 6.88 * 10-9 (-) 

 
The measurements show that the background concentrations measured with a north-east wind 
direction, are significantly higher than for the south-east direction. This is only logical since 
measurement station Veldhoven Europalaan is located in the wake of Eindhoven with a north-
east wind direction. To oppose the background concentrations to the inlet of the computational 
domain, concentrations are converted to mass fractions. 

Table 5.1.5: Summary of the boundary conditions and computational settings. 
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5.1.5.7 Parking garage emission and ventilation 

 
As previously described, the determination of the source term in the parking garages is slightly 
different. For the parking garages traffic intensity data are not available, therefore, assumptions 
are made regarding the number of vehicles in the garage during a day and the average driven 
time of cars in the garage. The source terms in the parking garages are determined using the 
following method:  
 

1. The volume of the parking garage is obtained (m3). 
2. Number of parking spaces is obtained from drawings. 
3. An estimation is made for how frequent one parking space is used, the total number of 

vehicles per 24 hours is calculated. It is assumed that commercial parking garage spots 
(e.g. D: Heuvelgalerie and K: Bijenkorf) are used more often during a day (4 times during 
the day) than garage spots for offices and residential buildings (3 times during the day, 
e.g. A: Rabobank and P: Kennedyplein). 

4. An estimation is made for the average duration for a car to drive into the parking garage, 
find a parking space and to leave the parking garage (depending on the size of the 
garages 6 up to 14 minutes). 

5. An estimation is made for the average vehicle speed in the parking garage, in this case 
8 km/h is used. 

6. From the total drive duration of all the cars in the parking garage over 24 hours in 
combination with the vehicle speed, the number of driven kilometres over 24 hours is 
calculated. 

7. From the driven kilometres over 24 hours, the number of driven kilometres per second 
is calculated. As previously described in paragraph 5.1.5.5, the average is taken over 10 
hours instead of 24 hours. 

8. With the use of Table 5.1.3 the PM10 and PM2.5 emission is calculated (g/s). For the 
parking garages the values for stagnant city traffic are used. 

9. The emission (g/s) is uniformly distributed over the entire garage volume and the source 
term is calculated using the total volume of the garage (obtaining the emission in g/m3s). 

 
In Table 5.1.6 the source terms are presented for each of the parking garages in the domain. The 
positions of the parking garages are given in Figure 5.1.11. 
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Driven kilometres and source terms for parking garages 

2: Bunker 

A: Rabobank Volume source cell zone: 31,505 m3 
250 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 750 per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 800 km per 24h 
PM2.5  emission: 1.30 *10-2 µg/m3/s 
PM10 emission: 2.75 *10-2  µg/m3/s 

5: Dommel 

B: Lagelanden + 
Marienhage 

Volume source cell zone: 26,637 m3 
355 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 1065  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 1,136 km per 24h 
PM2.5  emission: 2.18 *10-2 µg/m3/s 
PM10 emission: 4.62 *10-2  µg/m3/s 

C: Pullman hotel Volume source cell zone: 8,265 m3 
50 parking spaces (assumption: used 2 times per 24 h) 
Number of vehicles: 100  per 24h 
Duration driving in-parking-out: 5 min 
Driven kilometres: 67 km per 24h 
PM2.5  emission: 4.12 *10-3 µg/m3/s 
PM10 emission: 8.74 *10-3  µg/m3/s 

6: Stratum 

D: Heuvelgalerie (Q-park) Volume source cell zone: 143,989 m3 
1106 parking spaces (assumption: used 4 times per 24 h) 
Number of vehicles: 4424  per 24h 
Duration driving in-parking-out: 12 min 
Driven kilometres: 7,078 km per 24h 
PM2.5  emission: 2.51 *10-2 µg/m3/s 
PM10 emission: 5.33 *10-2  µg/m3/s 

E: Hooghuis (P1) Volume source cell zone: 22,924 m3 
195 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 585  per 24h 
Duration driving in-parking-out: 7 min 
Driven kilometres: 546 km per 24h 
PM2.5  emission: 1.22 *10-2 µg/m3/s 
PM10 emission: 2.58 *10-2  µg/m3/s 

F: Medina complex Volume source cell zone: 19,128 m3 
264 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 792  per 24h 
Duration driving in-parking-out: 7 min 
Driven kilometres: 739 km per 24h 
PM2.5  emission: 1.98 *10-2 µg/m3/s 
PM10 emission: 4.19 *10-2  µg/m3/s 

G: Stadhuisplein (Q-park) Volume source cell zone: 20,530 m3 
314 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 942  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 1,004 km per 24h 
PM2.5  emission: 2.50 *10-2 µg/m3/s 
PM10 emission: 5.30 *10-2  µg/m3/s 

7: Bommel 

H: Stadskantoor (P1) Volume source cell zone: 20,973 m3 
265 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 795  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 848 km per 24h 

Table 5.1.6: Calculated driven kilometres and source term values for parking garages. 
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PM2.5  emission: 2.07 *10-2 µg/m3/s 
PM10 emission: 4.38 *10-2  µg/m3/s 

I: De Nieuwe Wal Volume source cell zone: 14,501 m3 
180 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 540  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 576 km per 24h 
PM2.5  emission: 2.03 *10-2 µg/m3/s 
PM10 emission: 4.30 *10-2  µg/m3/s 

8: Stadium 

J: Parkeerdek ‘t Eindje Volume source cell zone: 31,801 m3 
350 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 1050  per 24h 
Duration driving in-parking-out: 6 min 
Driven kilometres: 840 km per 24h 
PM2.5  emission: 1.35 *10-2 µg/m3/s 
PM10 emission: 2.86 *10-2  µg/m3/s 

K: Bijenkorf (Q-park) Volume source cell zone: 42,078 m3 
584 parking spaces (assumption: used 4 times per 24 h) 
Number of vehicles: 2336 per 24h 
Duration driving in-parking-out: 10 min 
Driven kilometres: 3,114 km per 24h 
PM2.5  emission: 3.78 *10-2 µg/m3/s 
PM10 emission: 8.02 *10-2  µg/m3/s 

L: Mathildelaan (P1) Volume source cell zone: 111,443 m3 
1187 parking spaces (assumption: used 4 times per 24 h) 
Number of vehicles: 4748  per 24h 
Duration driving in-parking-out: 14 min 
Driven kilometres: 8,862 km per 24h 
PM2.5  emission: 4.06 *10-2 µg/m3/s 
PM10 emission: 8.62*10-2  µg/m3/s 

M: 11 Septemberplein Bicycle parking 
PM2.5  emission: 0 µg/m3/s 
PM10 emission: 0  µg/m3/s 

N: Wittedame (P1) + 
Lichttoren 

Volume source cell zone: 35,834 m3 
509 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 1527  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 1,628 km per 24h 
PM2.5  emission: 2.32 *10-2 µg/m3/s 
PM10 emission: 4.92 *10-2  µg/m3/s 

O: Admirant (Q-park) Volume source cell zone: 25,070 m3 
314 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 942  per 24h 
Duration driving in-parking-out: 8 min 
Driven kilometres: 1,004 km per 24h 
PM2.5  emission: 2.05 *10-2 µg/m3/s 
PM10 emission: 4.34 *10-2  µg/m3/s 

9: Station 

P: Kennedyplein (P1) Volume source cell zone: 72,606 m3 
799 parking spaces (assumption: used 3 times per 24 h) 
Number of vehicles: 2397  per 24h 
Duration driving in-parking-out: 10 min 
Driven kilometres: 3,196 km per 24h 
PM2.5  emission: 2.25 *10-2 µg/m3/s 
PM10 emission: 4.77 *10-2  µg/m3/s 
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Figure 5.1.11: Positions of the parking garages within the computational domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Another important aspect of the simulations is the way parking garages are ventilated in the 
computational domain. In Figure 5.1.12 an example of a parking garage is presented. Due to the 
fact that the information in the drawings, obtained from the municipality of Eindhoven, is rather 
limited, some assumptions are made related to the ventilation of the parking garages. First of 
all, schemes or drawings of the ventilation plan are not provided by the municipality of 
Eindhoven. Therefore, it is assumed that all the parking garages are ventilated according to the 
Dutch building regulations (NEN 1087) [45]. In the regulations it is stated that every square 
meter of parking garage floor area should be ventilated with 10.8 cubic meters of air per hour 
(thus 10.8 m3/m2h). To determine the required ventilation in the parking garages, therefore, the 
floor area is calculated for each level of the garage. Subsequently, outlet openings are divided 
over the parking garage to ensure interaction of air between the garage and the streets. These 
are not the actual positions of the outlets in reality since they are not found in drawings. The 
garage inlet openings are positioned at the entrances of the garages. Since that the required 
ventilation flow rate in the garages is known and the surface area of the outlets is fixed, the 
required velocity in the outlets can be calculated. For each garage, these outlet velocities are 
determined and defined in an UDF. The prescribed velocities are then assigned to the outlet cell 
zones in Fluent as fixed values. Separate levels in the parking garages are also included in the 
model. 
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Figure 5.1.12: Example of the computational domain of a parking garage (B: Lagelanden + 

Marienhage). 
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5.1.5.8 Filter units 

 
In Table 5.1.7 the number of filter units applied in each parking garage is shown. This is the 
amount of filters that is used (based on approximately 1 unit per 65 parking spaces) for 
simulation 2 (with 99 filter units). The filter units are evenly distributed in the parking garages 
as shown in Figure 5.1.12. For simulation 3 and 4 (with 594 filter units), the grid is altered to 
model the effect of six times the amount of filter units. For this case the units are made ten 
times wider. The velocity in the filter units is multiplied by 0.6, resulting in a six times higher 
volume flow rate. Note that for this simulation the positions of the filter units is identical as for 
the simulation with 99 units. 
 

 
Parking garages filter units 

2: Bunker 

A: Rabobank 250 aboveground parking spaces 
4 filter units 

5: Dommel 

B: Lagelanden + 
Marienhage 

355 underground parking spaces 
6 filter units 

C: Pullman hotel 50 underground parking spaces 
1 filter unit 

6: Stratum 

D: Heuvelgalerie (Q-park) 1106 underground parking spaces 
18 filter units 

E: Hooghuis (P1) 195 underground parking spaces 
4 filter units 

F: Medina complex 264 underground parking spaces 
4 filter units 

G: Stadhuisplein (Q-park) 314 underground parking spaces 
5 filter units 

7: Bommel 

H: Stadskantoor (P1) 265 underground parking spaces 
4 filter units 

I: De Nieuwe Wal 180 underground parking spaces 
3 filter units 

8: Stadium 

J: Parkeerdek ‘t Eindje Parking deck 
3 filter units 

K: Bijenkorf (Q-park) 584 underground parking spaces 
9 filter units 

L: Mathildelaan (P1) 1187 aboveground parking spaces 
‘Open’ façade  
13 filter units 

M: 11 Septemberplein Bicycle parking 
1 filter unit 

N: Wittedame (P1) + 
Lichttoren 

509 underground parking spaces 
8 filter units 

O: Admirant (Q-park) 314 underground parking spaces 
6 filter units 

9: Station 

P: Kennedyplein (P1) 799 underground parking spaces 
10 filter units 

Total 

16 Garages 99 filter units 
6372 parking spaces 
Approximately 1 filter unit / 65 parking spaces 

Table 5.1.7: Amount of filter units in each parking garage. 
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5.1.6 Computational grid 

The meshing process of the computational domain in cells is called spatial discretisation. In this 
paragraph the grid creation procedure is explained in more detail.  
 
The larger the computational domain and the higher the number of cells to be modelled and the 
higher the resolution of the grid, the larger the computational costs required for CFD 
calculations. Therefore, to reduce computational costs, the size, growth and number of cells in 
certain regions has to be considered very carefully. In this way, the computational resources can 
be reduced without affecting the quality of the results. Furthermore, it is advisable to consider 
the available computational resources before creating the grid.  
 
In order to reduce truncation errors, it is important to develop a high-quality grid. Franke et al. 
[23] and Tominaga et al. [34] provide some basic guidelines for the creation of the grid: 
 

1. The expansion ratio of two adjacent cells is below 1.3. 
2. The minimum grid resolution should be set to about 1/10th of the building scale. 
3. At least three cells have to be provided below the height of 1.75 m (particularly in 

pedestrian comfort studies). 
4. Hexahedral cells are preferable over tetrahedral cells. 

 
In the creation procedure for the case study of Eindhoven, these guidelines are adhered. In some 
regions of the grid it is not always possible to fulfil requirement 2. However, in regions of 
interest, the guidelines are followed as much as possible. During the creation phase of the grid, 
findings of the validation study, presented in paragraph 4, are also considered.  
 
The grid that is used for this case study is an edited version of the grid used by Papadopoulos 
[5]. The steps that were followed by Papadopoulos to create the grid are described briefly since 
they are relevant to show the quality of the grid. The exact, detailed description of the creation 
process is given in Papadopoulos’s thesis [5]. 
 

1. Location maps of Eindhoven are obtained and the building geometries are simplified. 
2. The maps are imported in the pre-processor GAMBIT. 
3. Faces of the buildings and their surroundings are created in the ground plane. 
4. The generation of the ground plane mesh grid is conducted. A quad pave meshing type 

with a bi-exponential grading ratio of 0.57 is applied at the domain with the polygon 
(explicitly modelled buildings). The size of the cells in this region varies from 1 m up to 
3 m. The finest cells are situated near buildings. In the rectangular domain in which the 
buildings are modelled implicitly, the cells become coarser towards the sides of the 
computational domain.  

5. The ground plane grid is altered in such a way that parking garages can be added to the 
domain. Regions with locations of parking garages are removed from the domain. In this 
way, separate grid files can be created for the regions with parking garages. The created 
ground plane, not including the regions with parking garages, of the computational 
domain is shown in Figure 5.1.13. 

6. The domain is separated into ten different subdomains (not yet including regions with 

parking garages). 
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Figure 5.1.13: Visualisation of the whole ground plane of the computational domain without regions of 

parking garages (for modelling a south-west wind direction). 

 

 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7. Parking garages in the city centre of Eindhoven are located and drawings are obtained 

from the municipality of Eindhoven [42]. Geometries of the parking garages are again 

simplified and faces are created in the ground plane. The modelled parking garages are 

marked in Figure 5.1.11, extra information regarding the boundary conditions in these 

garages is listed in Table 5.1.6. The computational domain now consists of a total of 26 

subdomains, including 16 parking garage subdomains. 

8. Faces are drawn for the positions of the filter units in the garages (somewhat equally 

divided over the floor area of the garages). 

9. Faces are drawn for the in- (parking garage entrance) and outlet positions for ventilation 

of the parking garage. More information regarding the last three steps is given in 

paragraph 5.1.5.7. 

10. Maps of the building heights in Eindhoven are obtained and the height of the parking 

garages is obtained from drawings, subsequently a vertical sweep line is created. 

Colormaps, created by Papadopoulos [5], obtained using the GIS (Geographic 

Information System) data system, are used to determine the building heights in the 

computational domain. Additional sources are used to update the buildings at the TUe 

campus (removing ‘Hall’ building, adding ‘Flux’ and ‘DIFFER’ buildings), the Admirant 

canopy, Rabobank Fellenoord and the student hotel near the Eindhoven train station 

[46]-[49]. 
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Figure 5.1.14: Vertical sweep line showing the number of cells over the height of the domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11. Each subdomain in the polygonal domain is swept according to the vertical sweep line 

as shown in Figure 5.1.14. For the surrounding domain, the vertical sweep line is altered 

to be able to fulfil the roughness requirements (Equation 5.5). From the height of 0 up 

to 12 m, a maximum cell stretching ratio of 1.1 is applied. For the height regions of 12-

115 m and 115-600 m the cell maximum cell stretching ratios are respectively 1.13 and 

1.2. Most of the cells are concentrated in the lowest part of the domain due to the fact 

that this is the region of interest. 

12. The volumes of the buildings are deleted, according to the height map. 

13. Separate cell zones are created in order to be able to assign cell zone conditions to these 

zones in the solver (ANSYS Fluent 15.0). For each of the 26 subdomains, cell zones are 

created for the volumes from 0 up to 1.5 m height. Sources of pollution are assigned to 

these cell zones. Furthermore, cell zones are created for the parking garage volumes (to 

assign source terms pollution), filter units (to assign fixed velocities and sink terms 

pollution) and parking garage in- and outlets (to assign fixed velocities). 

14. The boundary conditions, as discussed in paragraph 5.1.5, are assigned to the 

computational domain. Symmetry conditions are applied to the top and sides of the 

domain. The ground is represented as a wall boundary. The in- and outlet are 

respectively represented by a velocity inlet and pressure outlet. Interfaces are assigned 

to the sides of the subdomains. 

Vertical sweep polygonal domain 
0.0 – 1.5 m: 4 cells (yp = 0.1785 m) 
1.5 -3.0 m: 4 cells 
3.0 – 6.0 m: 7 cells 
6.0 – 9.0 m: 6 cells 
9.0 – 12.0 m: 5 cells 
12.0 – 15.0 m: 5 cells 
15.0 – 18.0 m: 4 cells 
18.0 – 21.0 m: 4 cells 
21.0 – 23.0 m: 2 cells 
23.0 – 26.0 m: 2 cells 
26.0 – 30.0 m: 3 cells 
30.0 – 33.0 m: 2 cells 
33.0 – 36.0 m: 2 cells 
26.0 – 39.0 m: 2 cells 
39.0 – 43.0 m: 2 cells 
43.0 – 45.0 m: 1 cell 
45.0 – 55.0 m: 5 cells 
55.0 – 65.0 m: 5 cells 
65.0 – 83.0 m: 6 cells 
83.0 – 96.0 m: 4 cells 
96.0 – 105.0 m: 3 cells 
105.0 – 115.0 m: 4 cells 
115.0 – 500.0 m: 16 cells 
500.0 – 600.0 m: 1 cell 
 
Vertical sweep surrounding domain 
0.0 – 1.5 m: 1 cell (yp = 0.750 m) 
1.5 -3.0 m: 1 cell 
3.0 – 9.0 m: 5 cells 
9.0 – 15.0 m: 5 cells 
15.0 – 18.0 m: 2 cells 
18.0 – 21.0 m: 2 cells 
21.0 – 23.0 m: 1 cell 
23.0 – 600 m: identical polygonal domain 
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Figure 5.1.15: Overview of all the wall boundaries in the polygonal computational domain. 

 

15. All the 26 subdomains are exported as mesh files from the pre-processor (Gambit 2.4.6) 

and loaded into the solver (ANSYS Fluent 15.0). All the interfaces are connected to each 

other, resulting in a total of 143 interfaces. 

16. The domain is rotated to perform simulations for the desired wind direction (in this case 

SE). A visualisation of all the wall boundaries within the polygonal is given in Figure 

5.1.15. 

 

 

 

 

 

 

 

 

 

 

 
  

5.1.7 Numerical approximations 

To make the basic equations solvable on the computer, they have to be discretised and 
transformed into algebraic equations. Second-order upwind schemes are used for the numerical 
approximation of momentum, species, turbulent kinetic energy and turbulent dissipation rate. 
For the pressure, the standard interpolation scheme is used. The SIMPLEC scheme is used for 
pressure-velocity coupling. One of the advantages of the SIMPLEC vs SIMPLE is that it is often 
possible to obtain a converged solution more quickly due to the fact that generally a higher 
under-relaxation factor can be set (which aids in convergence speed-up) [18]. 

5.1.8 Convergence criteria 

To avoid iterative convergence errors, the convergence criteria are defined to a value of 10-20. 
The simulations are terminated when the residuals do not show any further reduction with an 
increasing number of iterations. The simulations converged at approximately 20.000 iterations. 
Continuity residuals converged at a value of 10-4, x and y velocity components at 10-7, z velocity 
component at 10-8, turbulent kinetic energy and dissipation rate at respectively 10-7 and 10-5, 
and species concentrations at 10-7. 
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Figure 5.2.1: Aerial view of the whole (explicitly modelled) computational domain. 

 

5.2 Grid visualisation 

In this paragraph several visualisations of the computational grid are shown and compared with 
the urban environment in the city centre of Eindhoven. More detail related to the location of 
the figure is described in the label. The perspectives in the figures can be slightly different. In 
Figure 5.2.13-14, the interaction of air between the parking garage and the streets is shown. 
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Figure 5.2.2: Aerial view of Eindhoven University of Technology campus. Computational grid updated to the 

current built environment: removed ‘Hall’ and added ‘Flux’, ‘Differ’ and apartment building. 
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Figure 5.2.3: Aerial view of the Kennedy business centre and Rabobank. Computational grid updated to the 

current built environment: updated Rabobank Fellenoord. 
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Figure 5.2.4: Aerial view of district ‘Limbeek’ and ‘Hemelrijken’. 
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Figure 5.2.5: Aerial view of the Mathildelaan parking garage and Bijenkorf.. Computational grid updated to 

the current built environment: added Inntel Hotel and Blob. 
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Figure 5.2.6: Aerial view of the Philips stadion, the Admirant and the Regent. Computational grid updated to 

the current built environment: added Inntel Hotel, Blob, Admirant canopy and stores Nieuwe Emmasingel. 
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Figure 5.2.7: Aerial view of the Hooghuis, Catharina church, Stadhuis and Vesteda tower. 
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Figure 5.2.8: Aerial view of the Vesteda tower and Lagelanden building. 
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Figure 5.2.9: Aerial view of the Villapark and De Laak districts. 
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Figure 5.2.10: Street view of the TUE (A) and the buildings near the station and TUE (B). 
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Figure 5.2.11: Street view of the Kennedy tower (A) and Stadhuis building (B). 
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Figure 5.2.12: Street view of the parking deck ‘t Eindje and the Bijenkorf (A) and street view of the Vesteda 

tower and Medina complex (B), red and black arrows indicate parking garage entrances for respectively the 

ground floor and -1 floor level. 
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Figure 5.2.13: Street view of the Bijenkorf ground level parking garage (A) in red indicating the garage 

openings and view at the Hooghuis parking garage entrance indicating the interaction (PM10 contours) between 

garage and streets (B). 
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Figure 5.2.14: View inside the Stadskantoor parking garage (A), view of the filter unit functionality inside the 

Stadhuisplein parking garage (B) and a isometric view of the  Stadhuisplein parking garage indicating the 

interaction between garage and streets (C). PM10 contours are used in all figures. 
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5.3 Overview computational settings 

 
Model parameters 

Inlet 
 

*
0

0

( ) ln
z zu

U z
z

 
  

 

      [40] 

               
In which Uref  = 1 m/s (at a height of 10 m) 
 
                                       [40] 
 
 
           
                                       [40] 

Building wall surfaces Roughness length z0 = 0.005 m 
Roughness height ks = 0.1 m  
Roughness constant Cs = 0.5 [-] 

Ground wall surfaces Roughness length z0 = 0.5 m (comp. domain) | 0.03 m (building site) 
Roughness height ks = 0.7 m (comp. domain) | 0.042 m (building site) 
Roughness constant Cs = 7 [-] 

Computational domain Total: 4410 m (x) x 3570 m (y) x 600 m (z),  

12 sided polygon diameter / area: 2.52 km / 5.1 km
2
  

Distance from: inlet – 3H, sidewalls – 5H, outlet – 15H, top – 5.7H 
H is 105 m (Height of the Admirant) 
65,735,787 (hexahedral) cells 

Solver 3-D Steady RANS 

Turbulence model Realizable k-ε turbulence model  [22] 

Near wall modelling Standard wall functions  [24] 

Species transport Density: volume-weighted-mixing-law 
Viscosity: constant 
Energy equation: not solved 

Discretisation  Pressure-Velocity Coupling: SIMPLEC Scheme 
Spatial Discretisation :  
Gradient: Least Squares Cell Based 
Pressure: standard 
Momentum, Turbulent Kinetic Energy, Turbulent Dissipation Rate and Species:  

2
nd

 Order Upwind 

 
 

 
Base Cases 2-3-4 (‘B’ indicator in figures) 

Ventilation parking garages 10.8 or 32.4 m3/h per square meter of floor area (Dutch building regulation NEN 
1087) 

Amount of filter units 99 or 594 

Volume flow rate filter unit 9,000 m3/h           Total volume flow rate filter units 900,000 or 5,400,000 m3/h 

Filter unit efficiency  PM2.5  efficiency = 0% (at 0 m3/h) 
PM10  efficiency = 0% (at 0 m3/h) 

Case 2 

Ventilation parking garages 10.8 m3/h per square meter of floor area (Dutch building regulation NEN 1087) 

Amount of filter units 99 

Volume flow rate filter unit 9,000 m3/h               Total volume flow rate filter units 900,000 m3/h 

Filter unit efficiency  PM2.5 efficiency = 40% (at 9,000 m3/h) 
PM10  efficiency = 70% (at 9,000 m3/h) 

Table 5.3.1: Summary of the boundary conditions and computational settings. 

Table 5.3.2: Summary of the garage boundary conditions for different simulations. 
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Case 3 

Ventilation parking garages 10.8 m3/h per square meter of floor area (Dutch building regulation NEN 1087) 

Amount of filter units 594 

Volume flow rate filter unit 9,000 m3/h               Total volume flow rate filter units 5,400,000 m3/h 

Filter unit efficiency  PM2.5  efficiency = 40% (at 9,000 m3/h) 
PM10  efficiency = 70% (at 9,000 m3/h) 

Case 4 

Ventilation parking garages 32.4 m3/h per square meter of floor area (3 x Dutch building regulation NEN 
1087) 

Amount of filter units 594 

Volume flow rate filter unit 9,000 m3/h               Total volume flow rate filter units 5,400,000 m3/h 

Filter unit efficiency  PM2.5  efficiency = 40% (at 9,000 m3/h) 
PM10  efficiency = 70% (at 9,000 m3/h) 

Case 5 

Ventilation parking garages 32.4 m3/h per square meter of floor area (3 x Dutch building regulation NEN 
1087) 

Amount of filter units 99 

Volume flow rate filter unit 9,000 m3/h               Total volume flow rate filter units 900,000 m3/h 

Filter unit efficiency  PM2.5  efficiency = 40% (at 9,000 m3/h) 
PM10  efficiency = 70% (at 9,000 m3/h) 
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6 Results 

In this chapter, the results of the case study are presented. For each case, described in Table 
5.3.2, various figures are shown including absolute PM10 concentrations and reduction 
percentages of PM10 concentrations. All the results are obtained for the horizontal plane at a 
height of 1.75 m, cutting through the 5th cell in the polygonal domain and through the 2nd cell in 
the surrounding domain. For each case, the results for the base case simulation as well as for 
the simulation including filter units are shown. The letter ‘B’ in figure name indicates the base-
case simulation, filter units in this case have an efficiency of 0. For each case, an overview of the 
region of interest is given followed by more detailed zoomed images. 

6.1 Results – case 2 

Simulations are performed for 99 filter units and a parking garage ventilation of 10.8 m3/h per 
square meter of parking floor area (Dutch building regulation NEN 1087). 
 
Figure overview case 2: 

- Figure 6.1.1: Overview of the velocity field (m/s) at a height of 1.75 m in the computational domain (scale 0 – 1.5 
m/s) for the base case simulation (CASE 2B). 

- Figure 6.1.2: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 40 µg/m3) for the base case simulation (CASE 2B). 

- Figure 6.1.3: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 2). 

- Figure 6.1.6: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 2B). 

- Figure 6.1.7: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 2). 

- Figure 6.1.10: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -1%) for CASE 2. 

- Figure 6.1.11: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -3%) for CASE 2. 

- Figure 6.1.12: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -10%) for CASE 2. 

- Figure 6.1.13: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -30%) for CASE 2.  

- Figure 6.1.14: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 2B) near the Admirant tower. 

- Figure 6.1.15: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 2) near the Admirant tower. 

- Figure 6.1.16: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 2B) near the Bijenkorf building. 

- Figure 6.1.17: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 2) near the Bijenkorf building. 

- Figure 6.1.18: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 2B) near the Vesteda tower. 

- Figure 6.1.19: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 2) near the Vesteda tower.  
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Figure 6.1.1: Overview of the velocity field (m/s) at a height of 1.75 m in the computational domain (scale 0 – 

1.5 m/s) for the base case simulation (CASE 2B). 

 

Figure 6.1.2-9 provide an overview of the absolute PM10 concentrations within the region of 
interest. Figure 6.1.14-19 provide a closer view at some of the regions in which parking garages 
are situated. Note that the upper limit of the colour bar has been set at 25 and 40 µg/m3 for 
visualisation purposes but that the actual concentrations occurring are higher and exceed 50 
µg/m3.  Nevertheless, the maximum concentrations are relatively limited as a result of the 
boundary conditions: the combination of averaging emissions in space (over subareas) and in 
time (equal distribution over 10 hours) and a reference wind speed of 1 m/s. It is expected that 
during rush hours and/or for lower wind speed conditions, local concentrations will be higher. 
From the figures it is clear that the parking garages accumulate PM10 that is then exhausted into 
the streets through relatively small ventilation openings, resulting in high concentrations near 
these openings. Due to the fact that the parking garages are concentrated in the southwestern 
region of the explicitly modelled domain, high PM10 concentrations are modelled in this region. 
Furthermore, in this region the urban density is relatively high resulting in relatively low wind 
velocities (Figure 6.1.1). 
 
The addition of the filter units evidently reduces the PM10 concentrations in the garages and in 
the exhaust flow. In Figure 6.1.2-5 this is visible in region A: near the Heuvelgalerie parking 
garage. In Figure 6.1.6-7 this is visible in region A: downstream of parking deck ‘t Eindje (open 
façade), in region B: in the exhaust flow of the Admirant parking garage and in region C: near 
the Heuvelgalerie parking garage. Figure 6.1.10-13 show the PM10 reductions in the city centre 
of Eindhoven. For the simulation with 99 filter units PM10 reductions of 5 up to 10 % are modelled 
near the outlets of the parking garages. Further away from the garages the PM10 concentration 
reductions are indiscernible. In the marked regions in the zoomed images (Figure 6.1.14-19), the 
effect of the filter unit on the PM10 concentrations in the exhaust flow is clearly visible. 
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Figure 6.1.2: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 40 µg/m3) for the base case simulation (CASE 2B). 

 

Figure 6.1.3: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 2). 
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Figure 6.1.4: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 40 µg/m3) for the base case simulation (CASE 2B). 

 

Figure 6.1.5: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 2). 
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Figure 6.1.6: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 2B). 

 

Figure 6.1.7: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 2). 
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Figure 6.1.8: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 25 µg/m3) for the base case simulation (CASE 2B). 

 

Figure 6.1.9: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 2). 
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Figure 6.1.10: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -1%) for CASE 2. 

 

Figure 6.1.11: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -3%) for CASE 2. 
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Figure 6.1.13: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -30%) for CASE 2.  

Figure 6.1.12: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -10%) for CASE 2.  
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Figure 6.1.15: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 2) near the Admirant tower. 

 

Figure 6.1.14: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 2B) near the Admirant tower. 
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Figure 6.1.17: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 2) near the Bijenkorf building. 

Figure 6.1.16: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 2B) near the Bijenkorf building. 
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Figure 6.1.18: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 2B) near the Vesteda tower. 

Figure 6.1.19: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 2) near the Vesteda tower. 
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6.2 Results – case 3 

Simulations are performed for 594 filter units and a parking garage ventilation of 10.8 m3/h per 
square meter of parking floor area (Dutch building regulation NEN 1087). 
 
Figure overview case 3: 

- Figure 6.2.1: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 40 µg/m3) for the base case simulation (CASE 3B). 

- Figure 6.2.2: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 3). 

- Figure 6.2.5: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 3B). 

- Figure 6.2.6: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 3). 

- Figure 6.2.9: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -1%) for CASE 3. 

- Figure 6.2.10: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -3%) for CASE 3. 

- Figure 6.2.11: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -10%) for CASE 3. 

- Figure 6.2.12: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -30%) for CASE 3. 

- Figure 6.2.13: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 3B) near the Admirant tower. 

- Figure 6.2.14: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 3) near the Admirant tower. 

- Figure 6.2.15: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 3B) near the Bijenkorf building. 

- Figure 6.2.16: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 3) near the Bijenkorf building. 

- Figure 6.2.17: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 3B) near the Vesteda tower. 

- Figure 6.2.18: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 
domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 3) near the Vesteda tower. 

 
For the case simulating 594 filter unit the PM10 concentration reductions are, as expected, more 
pronounced. This is visible in Figure 6.2.1-4 in region A: downstream of the explicitly modelled 
buildings, in region B: downstream of parking deck ‘t Eindje (open façade) and near the Bijenkorf 
parking garage, in region C: in the exhaust flow of the Kennedyplein parking garage, in region D: 
in the exhaust flow of the Admirant and Lichttoren parking garages and in region E: near the 
Heuvelgalerie parking garage. Figure 6.2.5-8 also show PM10 reductions further downstream of 
the parking garages in regions A, B and D. Figure 6.2.9-13 show that for the simulations with 594 
filter units PM10 reductions of 30 up to 40 % are modelled near the outlets of the parking garages. 
Further away from the garages the PM10 concentrations are reduced for approximately 3 to 10%. 
In the marked regions in the zoomed images (Figure 6.2.13-18), the effect of the filter unit on 
the PM10 concentrations in the exhaust flow and flow downstream of the garages is evident. For 
this case thus, the PM10 reductions are by far more significant than for the previous case.  
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Figure 6.2.1: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 40 µg/m3) for the base case simulation (CASE 3B). 

 

Figure 6.2.2: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 3). 
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Figure 6.2.3: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 40 µg/m3) for the base case simulation (CASE 3B). 

 

Figure 6.2.4: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 40 µg/m3) for the simulation with filter units (CASE 3). 
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Figure 6.2.5: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 3B). 

 

Figure 6.2.6: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 3). 
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Figure 6.2.7: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 25 µg/m3) for the base case simulation (CASE 3B). 

 

Figure 6.2.8: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the region where 

parking garages are located (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 3). 
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Figure 6.2.9: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -1%) for CASE 3. 

 

Figure 6.2.10: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -3%) for CASE 3. 
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Figure 6.2.12: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -30%) for CASE 3. 

 

Figure 6.2.11: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -10%) for CASE 3. 
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Figure 6.2.14: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 3) near the Admirant tower. 

 

Figure 6.2.13: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 3B) near the Admirant tower. 
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Figure 6.2.16: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the simulation with filter units (CASE 3) near the Bijenkorf building. 

Figure 6.2.15: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 30 µg/m3) for the base case simulation (CASE 3B) near the Bijenkorf building. 
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Figure 6.2.17: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the base case simulation (CASE 3B) near the Vesteda tower. 

Figure 6.2.18: Overview of the absolute PM10 concentrations (µg/m3) at a height of 1.75 m in the computational 

domain (scale 15 - 25 µg/m3) for the simulation with filter units (CASE 3) near the Vesteda tower. 
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6.3 Results – case 4 

Simulations are performed for 594 filter units and a parking garage ventilation of 32.4 m3/h per 
square meter of parking floor area (3x Dutch building regulation NEN 1087). Because of the fact 
that the modelled PM10 concentration field is almost identical to the PM10 concentration field 
for case 3, only figures with reductions are shown. 
 

Figure overview case 4: 

- Figure 6.3.1: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -1%) for CASE 4. 

- Figure 6.3.2: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -3%) for CASE 4. 

- Figure 6.3.3: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -10%) for CASE 4. 

- Figure 6.3.4: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -30%) for CASE 4. 

 

For this case study, an increased amount of ventilation in the parking garages (32.4 instead of 
10.8 m3/hm2) does not lead to an increased amount of PM10 reduction in the city. This is visible 
when comparing Figure 6.2.9-12 and Figure 6.3.1-4. This is due to the fact that because of the 
higher volume flow rate inside the garages, the mixing of air and uniform ventilation along the 
entire garage is deteriorated. In paragraph 6.5 a comparison of the PM10 concentration 
reduction for all the case files is presented in Figure 6.5.1-4.  
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Figure 6.3.1: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -1%) for CASE 4. 

 

Figure 6.3.2: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -3%) for CASE 4. 
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Figure 6.3.4: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -30%) for CASE 4. 

 

Figure 6.3.3: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -10%) for CASE 4. 
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6.4 Results – case 5 

Simulations are performed for 99 filter units and a parking garage ventilation of 32.4 m3/h per 
square meter of parking floor area (3x Dutch building regulation NEN 1087). Because of the fact 
that the modelled PM10 concentration field is almost identical to the PM10 concentration field 
for case 2, only figures with reductions are shown. 
 
Figure overview case 5: 

- Figure 6.4.1: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -1%) for CASE 5. 

- Figure 6.4.2: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -3%) for CASE 5. 

- Figure 6.4.3: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -10%) for CASE 5. 

- Figure 6.4.4: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 
domain (scale 0 - -30%) for CASE 5. 

 
As previously mentioned for this case study, an increased amount of ventilation in the parking 
garages (32.4 instead of 10.8 m3/hm2) does not lead to an increased amount of PM10 reduction 
in the city. This is visible when comparing Figure 6.1.10-13 and Figure 6.4.1-4.  



Rob Vervoort (0774495)            Master Thesis          October 19 - 2016 

 

110  
 

Figure 6.4.1: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -1%) for CASE 5. 

 

Figure 6.4.2: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -3%) for CASE 5. 
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Figure 6.4.4: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -30%) for CASE 5. 

 

Figure 6.4.3: Overview of the relative PM10 concentration reduction at a height of 1.75 m in the computational 

domain (scale 0 - -10%) for CASE 5. 
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6.5 Results – comparison relative PM10 concentration reduction 

In this paragraph, the relative reduction percentages for each case are compared. Simulations 
are performed for 99 up to 594 filter units and a parking garage ventilation of 10.8 up to 32.4 
m3/h per square meter of parking floor area (1 – 3 x Dutch building regulation NEN 1087). 
 
Figure overview comparison: 

- Figure 6.5.1: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 
0 - -1% & 0 - -3%). 

- Figure 6.5.2: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 
0 - -5% & 0 - -10%). 

- Figure 6.5.3: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 
0 - -20% & 0 - -30%). 

- Figure 6.5.4: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 
0 - -50% & 0 - -75%). 
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Figure 6.5.1: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 0 - -1% & 0 - -3%). 
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Figure 6.5.2: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 0 - -5% & 0 - -10%). 
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Figure 6.5.3: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 0 - -20% & 0 - -30%). 
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Figure 6.5.4: Comparison of the relative PM10 concentration reduction at a height of 1.75 m for all cases (scale 0 - -50% & 0 - -75%). 
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Table 6.6.1: Summary of the averaged PM10 concentration reduction for each volume. 

6.6 Results – volume averaged integrals 

In Table 6.6.1 volume integrals, plotted directly from Fluent, are given. The presented data are 

averaged values of the concentrations for the described volumes. The volumes that are 

presented are the volumes of the garages and the volumes with a height from 0 m up to 1.5 m 

(street level) to which sources are assigned. In this case also the PM2.5 reductions are given since 

they were also modelled (Table 6.6.2). 

 

  
Case 2 

Reduction 

(%)

Case 3 

Reduction 

(%)

Case 4 

Reduction 

(%)

Case 5 

Reduction 

(%)

1: Kruisstraat streets 0.38% 1.75% 1.74% 0.29%

2: Bunker streets 0.04% 0.14% 0.13% 0.02%

streets 0.55% 2.29% 2.13% 0.46%

garage 1.58% 8.72% 8.42% 1.64%

3: Tue streets 0.00% 0.00% 0.00% 0.00%

4: Kanaal streets 0.00% 0.00% 0.00% 0.00%

5: Dommel streets 0.01% 0.04% 0.03% 0.01%

streets 1.96% 7.33% 2.82% 0.69%

garage 44.02% 76.76% 63.82% 29.55%

streets 1.15% 3.98% 2.27% 0.63%

garage 7.82% 37.02% 23.60% 3.65%

6: Stratum streets 0.45% 1.58% 1.34% 0.31%

streets 5.06% 18.58% 6.84% 1.44%

garage 34.49% 65.49% 47.89% 23.15%

streets 1.18% 5.58% 4.20% 0.62%

garage 24.49% 63.79% 41.77% 11.71%

streets 0.31% 1.45% 1.55% 0.42%

garage 16.42% 59.98% 35.40% 4.02%

G: Stadhuisplein (Q-park) streets 2.07% 8.44% 4.38% 0.98%

7: Bommel streets 0.11% 0.39% 0.37% 0.10%

streets 2.15% 5.19% 2.83% 0.60%

garage 39.93% 61.23% 52.27% 23.76%

streets 4.58% 12.86% 6.58% 1.79%

garage 29.48% 62.57% 49.30% 19.50%

8: Stadium streets 0.40% 2.53% 2.43% 0.29%

streets 2.38% 11.45% 11.13% 2.45%

garage 2.97% 13.28% 12.87% 3.02%

streets 1.14% 25.68% 28.15% 0.37%

garage 23.88% 44.93% 33.54% 9.48%

streets 2.91% 9.27% 9.04% 2.33%

garage 10.93% 18.50% 19.85% 12.97%

streets 1.66% 7.37% 3.22% 0.81%

garage 19.92% 56.75% 37.16% 4.51%

streets 2.97% 12.21% 6.32% 1.22%

garage 36.71% 78.95% 53.33% 19.09%

streets 1.16% 3.49% 1.84% 0.63%

garage 28.31% 64.92% 50.57% 20.80%

9: Station streets 0.27% 1.17% 0.56% 0.11%

streets 2.70% 7.77% 7.42% 0.51%

garage 28.89% 75.24% 78.22% 13.35%

Averaged values from the entire volume

PM10

E: Hooghuis (P1)

A: Rabobank

B: Lagelanden + Marienhage

C: Pullman hotel

D: Heuvelgalerie (Q-park)

M: 11 Septemberplein

N: Wittedame (P1) + Lichttoren

O: Admirant (Q-park)

P: Kennedyplein (P1)

F: Medina complex

H: Stadskantoor (P1)

I: De Nieuwe Wal

J: Parkeerdek ‘t Eindje

K: Bijenkorf (Q-park)

L: Mathildelaan (P1)
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Table 6.6.2: Summary of the averaged PM2.5 concentration reduction for each volume.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The volume averaged integrals presented in Table 6.6.1 and Table 6.6.2 show that an increased 
amount of ventilation in the parking garages (32.4 instead of 10.8 m3/hm2) does not lead to an 
increased amount of PM10 reduction in the garages and streets. For the cases with 10.8 m3/hm2 

parking garage ventilation, PM10 reductions in the garages are significant. For the simulation 
with 99 units (case 2), PM10 reductions of 10 up to 30% are modelled and for the simulation with 
594 units (case 3), PM10 reductions of 40 up to 70% are modelled (Table 6.6.1). 

Case 2 

Reduction 

(%)

Case 3 

Reduction 

(%)

Case 4 

Reduction 

(%)

Case 5 

Reduction 

(%)

1: Kruisstraat streets 0.72% 1.35% 1.30% 0.46%

2: Bunker streets 0.06% 0.11% 0.09% 0.02%

streets 0.73% 1.68% 1.49% 0.40%

garage 1.29% 5.69% 5.37% 0.91%

3: Tue streets 0.00% 0.00% 0.00% 0.00%

4: Kanaal streets 0.00% 0.00% 0.00% 0.00%

5: Dommel streets 0.01% 0.03% 0.02% 0.01%

streets 4.10% 6.11% 2.22% 1.23%

garage 34.90% 67.69% 53.46% 22.64%

streets 2.28% 3.05% 1.67% 0.86%

garage 4.49% 24.51% 15.93% 2.18%

6: Stratum streets 0.84% 1.27% 0.99% 0.54%

streets 8.23% 15.06% 5.13% 2.32%

garage 25.95% 54.45% 37.06% 16.85%

streets 1.66% 4.65% 3.13% 0.67%

garage 14.89% 52.73% 30.09% 7.25%

streets 0.18% 1.05% 1.05% 0.58%

garage 9.01% 46.44% 25.10% 3.69%

G: Stadhuisplein (Q-park) streets 2.67% 6.90% 3.23% 1.12%

7: Bommel streets 0.21% 0.31% 0.29% 0.16%

streets 4.56% 4.16% 2.31% 1.06%

garage 28.87% 48.77% 42.96% 17.04%

streets 7.20% 10.52% 5.27% 2.87%

garage 20.36% 52.08% 39.03% 14.24%

8: Stadium streets 0.77% 2.21% 2.05% 0.45%

streets 3.43% 8.23% 7.63% 3.37%

garage 3.76% 9.33% 8.51% 3.38%

streets 2.48% 24.25% 26.97% 0.56%

garage 18.37% 30.04% 27.38% 8.64%

streets 4.08% 6.87% 6.34% 3.26%

garage 8.30% 12.50% 14.36% 11.55%

streets 3.06% 6.17% 2.48% 1.36%

garage 14.81% 43.01% 27.50% 3.87%

streets 5.56% 10.51% 4.77% 1.67%

garage 30.64% 68.13% 39.63% 16.16%

streets 2.12% 2.87% 1.43% 0.81%

garage 20.70% 52.88% 40.55% 15.04%

9: Station streets 0.57% 0.95% 0.42% 0.14%

streets 4.62% 6.77% 6.28% 0.61%

garage 20.00% 65.30% 68.99% 9.64%

L: Mathildelaan (P1)

M: 11 Septemberplein

N: Wittedame (P1) + Lichttoren

O: Admirant (Q-park)

P: Kennedyplein (P1)

Averaged values from the entire volume

PM2.5

E: Hooghuis (P1)

F: Medina complex

H: Stadskantoor (P1)

I: De Nieuwe Wal

J: Parkeerdek ‘t Eindje

K: Bijenkorf (Q-park)

A: Rabobank

B: Lagelanden + Marienhage

C: Pullman hotel

D: Heuvelgalerie (Q-park)
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7 Discussion 

In this study, a CFD study is combined with several assumptions related to particulate matter 
dispersion to assess the potential purification ability of filter units on a large scale in an urban 
environment. PM10 concentration reductions are assessed at a height of 1.75 m for several cases 
including different numbers of filter units and parking garage ventilation. A comparison is made 
between these different cases. A discussion of the assessed cases and relevance of the results 
as well as recommendations for further are included in this chapter. 

7.1 Result discussion and relevance 

Quantitative contaminant dispersion evaluation can be of high importance since that a complex 
urban environment has a significant effect on the wind flow. Particulate matter concentration 
evaluation by performing measurements is rather costly, time consuming, and it can provide an 
analysis on the contaminant concentrations only for a limited number of locations. Use of CFD 
in analysis of contaminant concentrations proves to be a rather valuable tool in a complex and 
large urban environment, as shown in this case study for the city centre of Eindhoven. 
 
However, CFD analysis is highly dependent on the input of the user. Inaccuracies can occur when 
for example (BEST practice) guidelines are not followed for the creation of the model in the 
solver. Inaccuracies can occur due to physical model and input uncertainty, round-off errors, 
iterative convergence errors, discretisation errors, coding errors and user errors [19]. For this 
reason it is important that the user of the CFD solver possesses sufficient knowledge to properly 
use the tool. Normally, prior to a CFD case study, a grid sensitivity study is conducted. 
Furthermore, results have to be carefully validated with measurements. In most cases, for 
complex geometries and large scale urban models, these two aspects are cost and time 
consuming. Therefore, for this case study, choice of boundary conditions and physical conditions 
is based on previous and similar studies as mentioned in paragraph 4 and 5. In addition a sub-
configuration validation study was carried out. 
 
The relevance of the results of CFD research is often related to the limitations of the study. 
Before getting to the conclusions, important limitations and remarks regarding the study are 
reported below: 
- Only one specific wind direction is modelled (SE) since it has proven to be most problematic. 

Highest PM10 concentrations in Eindhoven are measured for this wind direction. 
Furthermore, wind velocities are generally lower for this wind direction than for example 
for the (more common) SW wind direction. When considering yearly PM10 reductions, other 
wind directions have to be taken into account as well as yearly statistical wind direction and 
velocity data. 

- Only one wind profile is modelled (Uref,10m = 1.0 m/s). A relatively low reference velocity is 
chosen since the issues regarding high PM10 concentrations in an urban environment are 
more severe when the wind velocity is low. The purifying effect of the filters on the air in 
the city’s streets is expected to be different for other reference velocities. 

- Modelling of PM10 source terms in the streets (paragraph 5.1.5.5) and garages (paragraph 
5.1.5.7) is based on several assumptions. More detailed data is required to be able to model 
the exact amount of pollutants in the computational domain (e.g. more detailed traffic 
intensity data for streets and parking garages). 
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- Steady RANS simulations are used while the flow of traffic in a city during a day is dynamic. 
All the available source term data (in kg/m3day) are calculated towards this steady 
simulation (in kg/m3s) by distributing the emissions over 10 hours. This means that only one 
situation is modelled instead of the dynamic situation during the day. For example during 
rush hours it is expected that local PM10 concentrations will be higher. 

- To avoid too much complexity in the model, source terms are uniformly distributed over the 
subdomains (paragraph 5.1.5.5). Actual positions of the streets are not taken into account. 
PM10 concentrations are normally concentrated in the regions near the streets, in this 
simulation this is clearly not the case. Since that (most of) the parking garages are located 
near busy streets, the effect of the filter units is expected to be more pronounced when 
taking the exact positions of the streets into account. 

- For the simulations with 99 filter units, the units are evenly distributed over the parking 
garage (approximately 1 unit / 65 parking places, case 2 and 5). For the cases, simulating six 
times the amount of filter units (594 total, case 3 and 4), the grid was altered and the filter 
units are made ten times wider. The fixed velocity in the filter unit is multiplied by 0.6, 
resulting in a six times higher volume flow rate (= 594 units). Thus the effect of six filter units 
on each of the 99 locations is modelled. The positive effect of the additional filter units is 
expected to be even more pronounced when modelling the 594 unit positions individually. 

- Assumptions are made regarding the ventilation of the parking garages (paragraph 5.1.5.7). 
Ventilation schemes of the parking garages are not available in drawings.  Therefore, 
ventilation openings are evenly distributed over the sides of the garages to ensure the 
interaction of air with the streets. The volume flow rate in the exhausts is chosen according 
to the Dutch building regulations (NEN 1087). It is likely that the positions of the outlets do 
not correspond with reality. 

- The height maps that are created by Papadopoulos [5] are obtained from height data 
obtained by LIDAR measurements from 1999. Furthermore, the height of low-rise buildings 
is assigned to intervals of 3 meters, assuming flat roofs to avoid too much complexity. The 
roof shape and exact height of the building can have some influence on the dispersion of 
pollutants in the domain but it is expected to be insignificant at the lowest parts of the 
domain (0-2 m). 

7.2 Further research 

The previously discussed limitations and remarks are also points of interest for studies in the 
near future. Models can be significantly improved when these points are addressed: 
- It is interesting to see the effects of the filter units for a velocity profile with a lower 

reference velocity than used for this case. The lower the wind velocity, the higher the PM10 
concentration in the city, the more beneficial the filter units are expected to be. 

- When more detailed traffic intensity data are obtained (such as hourly values etc.), a 
simulation with an increased amount of detail can be started. In this case study, only steady 
RANS simulations are performed. It is interesting to run unsteady RANS simulations to 
capture the effect of the filter units on the PM10 concentrations in the city centre during for 
example a day. Change in wind velocity could be added to this simulation when required. 

- For future models the traffic pollutant source terms shall be assigned to the exact locations 
of the streets instead of spreading them out over the domain. This has to be taken into 
account at an early phase of the study while making the grid. This makes the creation of cell 
zones at the street’s locations possible. 
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- For future models the ventilation schemes of the garages should be taken into account, 
including the exact locations of the outlets. In that case, a more detailed and realistic image 
of the effects of the filter units will be obtained. 

- For simulations with an increased number of filter units, separate grids shall be created in 
which each unit is modelled individually. This is quite time-consuming but the obtained 
results are expected to resemble closer to reality. 

- A validation study should be performed based on in-situ measurement in Eindhoven. 
- Furthermore, the effect of filter units could be tested in different urban environments where 

particulate matter issues are more problematic. Effects of filter units are expected to be 
even more significant in denser urban environments (thus were velocities in streets are 
lower). 

 
Since that the technology provided by ENS Europe is still fairly new and it has not yet been widely 
applied, there is a significant amount of research that can still be conducted. Some examples 
are: 
- Optimisation of the filter unit itself. The circuit of the filter unit currently consists of a fan 

followed by a diffuser and a rectangular box in which the collector plate and electrodes are 
positioned. The filter unit might be optimised by adding guiding vanes in the diffuser. 
However, one must pay attention to the fact that sufficient amount of turbulence is required 
for an optimal ionisation process. 

- Optimisation related to the placement of the filter units in the garages. Choosing one 
specific garage and find the ideal positions to install the filter units. 

- Simulations to see the effect of the filter units when they are installed directly in the existing 
ventilation circuits of garages. In this case, air directly inside the garage is not filtered. 
However, the effects of the filter units on the quality of the air in the city’s streets can be 
more significant. 
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8 Conclusions 

In this thesis, a case study is conducted for the city of Eindhoven. The results show that there is 

a significant decrease in PM10 concentrations in-around the parking garages and even further 

away from the buildings. It is important to keep in mind that the research is based on several 

assumptions and simulations are only performed for one wind direction and reference velocity. 

Examples of important assumptions in this case study are the pollutant source terms in the 

streets and garages and the way how the garages are ventilated (interaction with streets). 

Therefore, the results show what is possible with the application of the filter units rather than 

giving an exact representation of the reality.  

For the simulation with 99 filter units PM10 reductions of 5 up to 10% are modelled near the 

outlets of the parking garages. Further away from the garages the PM10 concentration 

reductions are indiscernible. For the simulations with 594 filter units PM10 reductions of 30 up 

to 40% are modelled near the outlets of the parking garages. Further away from the garages the 

PM10 concentrations are reduced for approximately 3 to 10%. In the parking garages the PM10 

concentrations are reduced even further. For the simulation with 99 units, PM10 reductions of 

10 up to 30% are modelled and for the simulation with 594 units, PM10 reductions of 40 up to 

70% are modelled. Exact reduction percentages are given in the figures in chapter 6. It is 

expected that for both simulations, PM10 reductions can be improved by further optimisation of 

the positions of the filter units. 

For this case study, an increased amount of ventilation in the parking garages (32.4 instead of 

10.8 m3/hm2) does not lead to an increased amount of PM10 reduction in the city (case 4 and 5). 

This is due to the fact that because of the higher volume flow rate inside the garages, the mixing 

of air and uniform ventilation along the entire garage is deteriorated. One should keep in mind 

that for this case, not the exact ventilation schemes are taken into account. The effects of the 

increased amount of ventilation can be different when considering this. Furthermore, the filter 

unit positions have to be optimised when increasing the amount of ventilation in the garages.  

As discussed in the previous chapter, a significant amount of research still has to be conducted 

related to this subject. However, this thesis is the beginning of a broad topic to be investigated 

in the near future. It can be concluded that local removal in semi-enclosed parking garages can 

be an effective strategy towards improved outdoor air quality. 
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Summary – Lungs of the city of Eindhoven – Rob Vervoort (0774495) 

The collection of all solid and liquid particles suspended in the atmosphere, known as particulate 

matter (PM), currently is one of the most dangerous forms of air pollution. According to the World 

Health Organization (WHO), daily and long-term exposure to PM is strongly connected to human 

morbidity and mortality. In the Netherlands alone, 80% of the population suffers from exposure to a 

high concentration of dust smaller than 10 µm (PM10) every day. Many sources provide sufficient 

information to conclude that the inhalation of PM threatens the health of human beings. It is clear that 

something has to be done to reduce the PM10 concentrations in and around cities. For this reason, 

often motor vehicle traffic is limited in city centers. However, another solution might be available in 

the form of air purification. 

Various solutions are available to limit PM emission. Some examples are porous media filters, cyclonic 
separators, wet scrubbers and electrostatic precipitators (ESP).  Due to high local traffic intensities in 
cities, high concentrations of PM are measured as a result of tire wear, tailpipe emissions and braking 
wear. ENS Europe B.V designed an air purification system that filters particulate matter out of the air 
using positive ionization. Filter units are already applied (can be positioned freely) on a small scale in 
an urban environment in Cuijk (Netherlands) and a reduction of PM10 in and around the garage was 
measured. This raised the question; is it possible to purify the air in a city when applying these filter 
units on a large scale in parking garages, thus use the garages as lungs of the cities? The topic of this 
thesis is numerical analysis of the wind flow and pollutant dispersion in order to determine the 
potential of filter unit placement, related to reduction of PM10, in the urban environment of Eindhoven 
using Computational Fluid Dynamics (CFD). 
 

For this purpose a three dimensional model is created to model the wind flow in 5.1 km2 of the city 
center of Eindhoven, including 16 parking garages. A computational grid of the city center of 
Eindhoven, consisting of 65.7 x 106 cells is used.Error! Reference source not found. Due to the chosen 
generation method the quality and resolution of the grid are high. The available best practice 
guidelines are satisfied to the largest extent. To determine the sources of PM10 in the model, traffic 
intensity, traffic emission data, parking garage use and background PM10 concentrations are 
considered. Terrain roughness is taken into account by assigning the correct aerodynamic roughness 
height, equivalent sand-grain roughness height and roughness constant to the wall surfaces. PM10 
traffic emissions are uniformly distributed over the volumes between buildings for each of the colored 
subdomains, as presented in Figure 4. The source terms is assigned to a volume with a height from 0 
to 1.5 m. The logarithmic law is used to determine the velocity profile, with a reference wind speed of 
1 m/s at a height of 10 m and south-east direction, at the inlet of the computational domain.  Thermal 
effects are not taken into account. Three different cases are modeled in the study: a reference case 
including 0 units, a case including one unit per 65 parking spots (99 units total) and a case including six 
units per 65 parking spots (594 units total) over 16 parking garages. Interaction of air between the 
garages and the streets is ensured by assigning a fixed velocity to the garage outlets. The required 
ventilation is calculated based on the Dutch building regulations (10.8 m3/m2h) 
 
In this study, steady Reynolds-Averaged Navier-Stokes (RANS) in combination with the realizable k-ε 
turbulence model is used for turbulence closure. This specific model is used due to the fact that it has 
shown a good performance for wind flow around buildings and provides a good agreement with full-
scale measurements in urban environments. Standard wall functions are used to model the near-wall 
region. For PM dispersion, the advection-diffusion equation is solved with the standard gradient-
diffusion hypothesis. Second-order upwind schemes are used for the numerical approximation of 

http://www.greenfacts.org/glossary/mno/mass-units.htm


momentum, species, turbulent kinetic energy and turbulent dissipation rate. For the pressure, the 
standard interpolation scheme is used. The SIMPLEC scheme is used for pressure-velocity coupling. 
 
The results of this thesis consist of a series of figures showing the PM10 concentrations (at a height of 
1.75 m) in the computational domain for simulation with and without filter units (99 or 594) with a 
fixed amount of ventilation of the parking garage (10.8 or 32.4 m3/hm2). Also maps are given with 
reduction percentages of PM10 concentrations. Results show a significant reduction in and around the 
parking garages but also further away from the buildings. For the simulation with 99 filter units PM10 
reductions of 5 up to 10% are modelled near the outlets of the parking garages. Further away from the 
garages the PM10 concentration reductions are indiscernible. For the simulations with 594 filter units 
PM10 reductions of 30 up to 40% are modelled near the outlets of the parking garages. Further away 
from the garages the PM10 concentrations are reduced for approximately 3 to 10%. 
 
Although the current study has some limitations, it can be concluded that local removal in semi-
enclosed parking garages can be an effective strategy towards improved outdoor air quality. CFD 
proves to be a powerful valuable tool to model pollutant dispersion in an urban environment. This 
thesis gives some first insights into the potential of air purification in an urban environment. Future 
research will focus on the limitations of the current study. First of all, unequal spreading of the traffic 
intensity (and resulting traffic emissions) over the domain should be taken into account. Furthermore 
unequal spreading of the traffic intensity should be taken into account (e.g. unsteady RANS 
simulations). Furthermore, thermal effects can be included. In this way, the dispersion of emissions 
can be taken into account in a more accurate way and different pollution situations can be modeled. 
Finally, aerosol dynamics, such as deposition of PM, can be included. 
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