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Abstract
Computational Fluid Dynamics (CFD) simulations can be used to assess indoor natural ventilation by solving
the interaction between the urban wind flow and the indoor airflow. The air exchange rate (ACH) can be
obtained from the simulated volume flow rates through the ventilation openings or by the concentration decay
method that is often used in experimental studies. This paper presents 3D unsteady Reynolds-averaged NavierStokes (RANS) CFD simulations to reproduce the decay of CO2 concentration in a large semi-enclosed stadium.
The study focuses on the hours after a concert, when the indoor CO2 concentration generated by the attendants
has reached a maximum. The wind flow, indoor airflow and dispersion of heat, water vapour and CO2 are
modelled on a high-resolution grid based on grid-sensitivity analysis. The simulations are validated with on-site
measurements of wind velocity and CO2 concentration decay. The validated CFD model is used to analyse the
significant horizontal and vertical CO2 concentration gradients in the stadium, showing local differences at t =
300 s up to 700 ppm (i.e. 37% of the maximum of 1900 ppm). A specific piecewise linear technique is applied
for the concentration decay method to determine the ACH values for smaller time intervals. This is needed
because the plotted semi-logarithmic decay curve itself is not linear because the ventilation rate changes over
time, due to the changing buoyancy forces. It shows that the ACH values decrease from about 2 h-1 at the
beginning of the concentration decay simulations to about 0.3 h-1 at the end.
Keywords: Computational Fluid Dynamics (CFD); pollutant gas dispersion; full-scale validation; natural
ventilation; semi-enclosed multifunctional stadium; unsteady RANS.

1. Introduction
Natural ventilation of indoor environments occurs either by wind-induced pressure differences or by
buoyancy-induced pressure differences, or – most often – by a combination of both (e.g. [1-9]). Removing
pollutants, excess heat and moisture, and in extreme cases smoke, biochemical species and other hazardous
materials, is of primary importance in buildings, but also in cars, ships and airplanes. The amount and
effectiveness of natural ventilation depends on both the outdoor wind flow and the indoor airflow, and especially
on the interaction between both flows at the ventilation openings.
Different methods can be used to assess natural ventilation, including full-scale measurements, reduced-scale
measurements and Computational Fluid Dynamics (CFD). An extensive overview of ventilation assessment
methods was provided by Chen [8]. Full-scale measurements offer the advantage that the real situation is studied
and the full complexity of the problem is taken into account. However, full-scale measurements are usually only
performed in a limited number of points in space. In addition, there is no or only limited control over the
boundary conditions (e.g., [10]). Reduced-scale wind-tunnel measurements allow a strong degree of control over
the boundary conditions, however at the expense of – sometimes incompatible – similarity requirements.
Furthermore, wind-tunnel measurements are usually also only performed in a limited number of points in space.
CFD on the other hand provides whole-flow field data, i.e. data on the relevant parameters in all points of the
computational domain (e.g. [9,11,12]). Unlike wind-tunnel testing, CFD does not suffer from potentially
incompatible similarity requirements because simulations can be conducted at full scale. In addition, CFD
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simulations easily allow parametric studies to evaluate alternative design configurations, especially when the
different configurations are all a priori embedded within the same computational domain and grid (see e.g. [9]).
However, the accuracy and reliability of CFD are of concern, and solution verification and validation studies are
imperative [11-18]). Validation studies in turn require experimental data that have to satisfy important quality
criteria [13,18].
CFD is increasingly used to study a wide range of atmospheric and environmental processes [19,20], such as
pedestrian wind comfort and wind safety around buildings (e.g. [11,16,17,21-23]), air pollutant dispersion (e.g.
[24-33]), wind-driven rain (e.g. [34-43]) convective heat transfer (e.g. [44,45]) and natural ventilation of
buildings and streets (e.g. [8,9,46-53]).
In general, two main approaches can be used to model natural ventilation of indoor environments with CFD.
The first is a “coupled” CFD simulation, in which both the Atmospheric Boundary Layer (ABL) wind flow and
the indoor airflow are modelled simultaneously and within the same computational domain. This method allows
the proper calculation of airflow in the proximity of and through the ventilation openings. The main
disadvantage of this method in urban applications is the large difference in geometrical length scales between the
outdoor (urban) environment (1-5 km) and the ventilation openings (e.g., 0.01 – 1 m), resulting in a large and
high-resolution grid, and thus in a relatively high computational cost. This is probably the reason why in the
past, this method has only been used for relatively simple outdoor and indoor environments and for relatively
large ventilation openings (e.g., [46,49,53-58]). The very large grids that would be required for complex outdoor
and indoor environments and/or for small ventilation openings can be avoided by resorting to “decoupled”
simulations. In this case, two separate simulations are conducted, one for the ABL wind flow and one for the
indoor flow, each in their own computational domain [4,8,47]. In the outdoor flow simulations, the ventilation
openings are closed. The information obtained from the simulation of the outdoor flow (generally pressure
coefficients at the positions of the openings) can be used as boundary condition for the simulation of the indoor
flow. Although this is the standard approach for indoor ventilation studies, its accuracy can be compromised
because of the simplifications involved [5,6,46,59,60]. Often, only pressure is passed from the outdoor to the
indoor environment by means of pressure coefficients at the boundary and assumptions are made in terms of
discharge coefficients and expansion coefficients [4]. A coupled approach is preferred for CFD simulations in
which the interaction between ABL wind flow and indoor natural ventilation is important.
As mentioned before, different methods can be used to investigate natural ventilation due to the complex
interaction of the ABL wind flow with the indoor airflow, including reduced-scale wind tunnel testing and fullscale measurements. However, due to the large differences in geometrical length scales between the urban area
(1 – 5 km) and the ventilation openings (which can go down to 0.1 m), the use of wind tunnel measurements for
natural ventilation is restricted, or even impossible depending on the specific study. The similarity requirements
for both inertial and buoyancy forces need to be fulfilled, which is far from straightforward. The similarity
criteria would likely be inhibited by Reynolds number effects near and in the narrow ventilation openings, and
these ventilation openings could even become impractically small in the scaled model. On the other hand, fullscale measurements suffer from uncontrollable boundary conditions and a lack of repeatability by the inherently
transient meteorological conditions [13,18]. Among others, van Hooff and Blocken [61] elaborated on these
issues for natural ventilation studies. As a result, coupled CFD simulations are preferred for a detailed study of
natural ventilation, however with the imperative requirement of CFD solution verification and validation with
high-quality experimental data.
In ventilation studies, the air exchange rate (ACH = air changes per hour) or ventilation rate can be calculated
using the volume flow rate that enters an enclosure, or by performing tracer gas measurements. The former are
convenient for relatively simple geometries in which the number of supply openings and exhausts is limited, but
it can also be applied for more complex building configurations [9,50]. The latter enables the calculation of the
ACH based on the mass balance of a tracer gas in the studied enclosure and can be used in both simple and
complex enclosures. Tracer gas measurements are often conducted using CO2 or SF6. Three different tracer gas
methods can be used to determine the ACH: (1) concentration decay or growth method, (2) constant
concentration method, or (3) constant injection method [62]. The most often used and most simple method is the
concentration decay method, in which the decay of a tracer gas is measured. To obtain reliable results of the
ACH of an enclosure using single-point tracer gas measurements, strictly, three conditions should be satisfied
[62]: (1) the tracer gas should be uniformly mixed in the enclosure; (2) there are no unknown tracer gas sources;
(3) ventilation flow is the dominant means of removing the tracer gas from the space, i.e. the tracer gas does not
chemically react and/or is not adsorbed by interior surfaces. The condition that the tracer gas should be
uniformly mixed in the entire enclosure is very difficult to achieve in real buildings and the problem of nonperfect mixing is difficult to completely resolve in practice [63]. Charlesworth [63] indicated that one could
overcome this problem by measuring the tracer gas concentration at several locations and by assuming that the
mean of these concentrations is representative for the average concentration in the entire enclosure. In addition to
reduced-scale and full-scale experiments to obtain tracer gas decay curves (e.g., [9,61,64-66]), one can perform
numerical simulations. The use of numerical modelling (CFD) for this purpose has been reported by, among
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others, Chung and Dunn-Rankin [64], Bartzanas et al. [66,67], Rouaud and Havet [68] and Norton et al. [69].
Application of the concentration decay method in CFD allows evaluation of the decay of pollutant concentration
in every point of the indoor environment and therefore provides more detailed spatial information than tracer gas
measurements in cases of non-perfect mixing conditions. It can be used to identify areas of locally higher
pollutant concentrations caused by recirculation zones, short-circuiting flow, stagnant regions, etc. Note that, to
the best of our knowledge, only Bartzanas et al. [66,67] and Norton et al. [69] published coupled CFD
simulations of tracer gas concentration decay. However, these studies were limited to relatively simple building
configurations and did not include any surrounding buildings. In addition to indoor environmental studies on
pollutant dispersion, a lot of work has been published on outdoor pollutant dispersion in urban environments
(e.g. [24-33,70-73]). However, these studies did not include coupling of the ABL wind flow with the indoor
airflow.
This paper presents detailed CFD simulations of natural ventilation of a large semi-enclosed stadium in an
urban area using the CO2 concentration decay method. Note that this study is an extension of two earlier
numerical studies on the natural ventilation of a large semi-enclosed stadium by means of CFD [9,50]. The
CFD model is validated in two steps: First, full-scale wind velocity measurements are used to validate isothermal
steady RANS CFD simulations of the interaction of the outdoor wind flow with the indoor airflow. Second, fullscale CO2 concentration decay measurements are used to validate non-isothermal unsteady RANS CFD
simulations of temperature, vapour and CO2 dispersion.
The stadium geometry and the urban surroundings are described in Section 2. The full-scale measurements
that are used for model validation are presented in Section 3. Section 4 presents the CFD model and the
computational grid. In Section 5, the isothermal validation study is outlined, followed by the validation of the
non-isothermal unsteady RANS simulations in Section 6. In Section 7, the numerically obtained CO2
concentration decay curves are used to calculate local and overall ACH values. In addition, the CO2
concentration distribution is analysed to assess the ventilation efficiency. Finally, sections 8 (discussion) and
9 (conclusions) conclude the paper.

2. Description of stadium and surroundings
2.1. Stadium
The Amsterdam ArenA is an oval-shaped multifunctional stadium (Fig. 1a). The roof is dome shaped and can
be closed by moving two large panels with a projected horizontal surface area of 110 x 40 m2 (L x W). The roof
consists of a steel frame, largely covered with semi-transparent polycarbonate sheets, while steel sheets are
applied at the edge of the roof until a distance of 18 m from the gutter. Fig. 1b provides an inside view of the
stadium. The stand consists of two separate tiers and runs along the entire perimeter. A detailed plan view and
two vertical cross-sections (αα’ and ββ’) are shown in Figure 2. The exterior stadium dimensions are 226 x 190 x
72 m3 (L x W x H). The stadium has a capacity of around 51,000 seated spectators and its interior volume is
about 1.2 x 106 m3. Figure 3a shows a detailed cross-section of the stadium, indicating different parts of the
stadium with numbers. Numbers 1 and 2 are the logistic rings in which facilities and the entrances to the interior
stadium volume are situated. Number 3 is an elevated circulation deck that runs around the stadium. It serves as
parking and logistics area and is known as the “ArenA deck”. Four large gates in the corners of the stadium (Fig.
2a, 3b) connect the ArenA deck (Fig. 3a) with the stadium interior. The four gates have a cross-section Lg x Hg
of 6.2 x 6.7 m2 and can be individually opened and closed. Number 4 indicates a safety and facility ring that
separates the stands from the pitch. This ring runs along the entire perimeter of the field and connects the four
gates.
The multi-functional character of the ArenA is reflected by the possibility to open and close the retractable
roof depending on the weather conditions and the type of event. In addition to the hosting of sports events, this
feature facilitates hosting also other events such as concerts, conferences and festivities. In the majority of
commercial buildings and event halls, indoor thermal conditions and air quality are controlled by dedicated
Heating, Ventilation and Air Conditioning (HVAC) systems. However, due to the very large indoor air volume
(about 1.2 x 106 m3) of the ArenA stadium, HVAC systems are neither feasible nor efficient in this particular
case. Therefore, natural ventilation is the only means to control the indoor air quality of the stadium. Natural
ventilation can occur through the openings that are present in the envelope of the stadium. The ArenA has
several of such openings. The semi-transparent roof is the largest potential opening. However, during concerts
and other festivities, which are usually held in the summer period, the roof is closed most of the time to provide
shelter for the spectators and the technical equipment. An opened roof results in the largest ventilation opening
(4,400 m2) in the stadium envelope. However, when it is closed, natural ventilation of the stadium can only occur
through a few other relatively small ventilation openings. The four openings (gates) in the corners of the stadium
(Fig. 3b) together form the second largest (potential) opening (4 x 41.5 m2). They are open most of the time.
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Additionally, two relatively narrow openings are present in the upper part of the stadium (Fig. 3a; numbers 6, 7).
The first opening is situated between the stand and the steel roof construction, and runs along the entire
perimeter (Fig. 3c). The total surface area of this opening is 130 m2. The other opening is situated between the
fixed and movable part of the roof (Fig. 3d). This opening is only present along the two longest edges of the
stadium. The total surface area of this opening is about 85 m2. Of the openings addressed above, only the roof
and gates can be opened/closed. In the configuration studied in this paper, the roof is closed, and all other
openings are open. Van Hooff and Blocken [9,61] indicated that indoor air quality problems can occur for the
configuration with a closed roof due to the large number of spectators and insufficient natural ventilation. During
the summer, overheating can become an additional problem. This indicates the importance of achieving a
sufficiently large amount of natural ventilation of the stadium indoor volume.
2.2. Urban area
The stadium is situated in the city of Amsterdam, which is located in the north-west of the Netherlands. The
city and its surroundings are located on very flat terrain with height differences that are less than 6 m. The study
focuses on the south-east part of Amsterdam, known as “Zuidoost” (Fig. 4a), which contains four residential
areas and a business park. In addition to medium and high rise office buildings, the business park also contains a
recreational area centred around the “ArenA Boulevard” (indicated with dashed lines in Fig. 4a). This area
consists of buildings with an entertainment function, such as shopping centres, a cinema, a concert hall,
restaurants, and the ArenA stadium itself. The height of the buildings surrounding the ArenA varies from 12 m
to a maximum of 95 m for the “ABN-AMRO” office building (see Fig. 4a) located on the southwest side of the
ArenA. This area of Amsterdam Zuidoost is still under development; several new large and high-rise buildings
are planned and/or currently under development in the vicinity of the ArenA. The urban area that is studied in
this paper is the one as present in 2007-2008.
The aerodynamic roughness length y0 of the surroundings is determined based on the updated Davenport
roughness classification [74]. The area on the north side of the ArenA can be classified as “closed terrain” due to
the urban character that is present in a radius of 10 km upwind. The estimated y0 for this area is 1.0 m (Fig. 4b).
The area on the south side of the ArenA is not as rough as the north side due to the presence of agricultural and
natural areas and can be characterised with an y0 value of 0.5 m (Fig. 4b). The aerodynamic roughness lengths
are needed for the CFD simulations, since they determine the inlet profiles of mean wind speed and turbulence
quantities and the ground roughness of the bottom surface around the area with explicitly modelled buildings.

3. Full-scale measurements
3.1. Wind velocity
For validation of the isothermal steady RANS CFD simulations of the interaction of the outdoor wind flow
with the indoor airflow, 3D wind velocities in and around the stadium were measured in the period SeptemberNovember 2007. The reference wind speed (Uref) and reference wind direction ( ref) were measured on top of a
10 m mast on the roof of the 95 m high ABN-AMRO office building, which is the highest building in the
proximity of the stadium (Fig. 4a). The measurements were performed on days with strong winds (reference
wind speed Uref above 8 m/s), during which mechanical turbulence production in the ABL was dominant over
thermal effects. Apart from the reference measurement Uref, wind velocity was also measured around the stadium
and in the gates, using ultrasonic anemometers, positioned on mobile posts, at a height of 2 m above the ArenA
deck. The data were sampled at 5 Hz, averaged into 10-minute values and analysed. Only data with at least 12
different 10-minute values per wind direction sector of 10° were retained. The measured wind speed U at the
measurement locations at the ArenA deck was divided by the reference wind speed Uref measured on top of the
ABN-AMRO office building. Note that the term “wind speed” refers to the magnitude of the 3D mean wind
velocity vector. Also note that these measurements were conducted from September-November 2007, and thus
not simultaneously with the measurements of the indoor environmental conditions and CO2 concentration.
3.2. Outdoor and indoor air temperature, relative humidity and indoor CO2 concentration
To assess the indoor environmental conditions, full-scale measurements were made including outdoor air
temperature and relative humidity as well as indoor air temperature, relative humidity and CO2 concentration at
four positions inside the stadium. An extensive description of the measurements and the measurement results can
be found in van Hooff and Blocken [61] .
The measurements of indoor air temperature (θa) were conducted at the four positions (N1, N2, SE1, SE2)
shown in Figure 5. The air temperature was measured using sensors by Escort, type Junior EJ-HS, with an
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accuracy of ±0.3˚C. The reference outdoor air temperature was measured simultaneously at the position at the
ArenA deck (Fig. 5b). Figure 6a shows the measured temperatures on the concert evening of June 3 to June 4.
The outdoor air temperature at the end of the concert, at 24:00, and thus at the beginning of the CO2
concentration decay measurements, was about 19°C, and remained fairly constant until at least 06:00 am. Note
that the constant outdoor temperatures during this night are the primary reason to choose this night for this study.
The indoor air temperatures were significantly higher than the outdoor air temperature and showed a
considerable variation between the different positions, indicating strong temperature gradients inside the
stadium. The indoor air temperature averaged over the four measurement positions was 26°C at the beginning of
the CO2 concentration decay measurements (see Fig. 6a). Due to the presence of the spectators, the indoor air
temperature was up to about 10° higher (at N2) than the outdoor air temperature at 0:00 hours. Furthermore, one
can see the influence of the approximately 50,000 spectators on the air temperature during the concert; the air
temperature clearly rose from the beginning of the concerts at 20:00 hours with about 2-4°C, and decreased after
0:00 hours, when the spectators had left the stadium.
The relative humidity was also measured at the four indoor positions and the reference outdoor position with
the Escort type Junior EJ-HS sensors, with an accuracy of ±3%. The water vapour concentration (xv) can be
obtained from the relative humidity (RH) and air temperature ( a) using Equations 1 [75] and 2 [76]:

pv ;sat
xv

17.62

611.2 exp
0.622 pv
101325

pv

a

243.12
1000

(1)
a

0.622 pv ; sat RH
101325

pv ; sat RH

1000

(2)

with pv;sat the saturated water vapour pressure and pv the water vapour pressure. Figure 6b shows the outdoor and
indoor xv on the concert evening on June 3 until the morning of June 4. Except during and after the concert
evenings, the outdoor and indoor values of xv were about 10 g/kg and the values did not show large temporal
fluctuations. However, during the concerts the indoor xv increased to 12-16 g/kg due to the moisture production
by the spectators. Note that the four measurement positions again show considerable differences, illustrating
significant spatial concentration gradients inside the stadium.
The indoor CO2 concentrations were measured using CO2 concentration sensors of Vaisala and SenseAir,
both with a range of 0-2000 ppm, and with a measuring accuracy of ± 2% and ± 3%, respectively. Van Hooff
and Blocken [61] provided an extensive analysis of the measured CO2 concentrations on three consecutive
concert evenings (afternoon of June 1 until the early morning of June 4) and concluded that there is a large
degree of repeatability of the CO2 concentration decay curves during these three evenings. The measured CO2
concentration decay curves at the four indoor measurement positions on the evening and night of June 3-4 will
be used for model validation. The period of interest is between 0:00 and about 2:15 am, which is the time
between the end of the concert/removal of the CO2 sources (= spectators), and the time at which the indoor CO2
concentration had reached the level of the outdoor concentration. The results of these measurements will be
shown together with the simulation results in section 6.

4. CFD simulations: geometry, domain and computational grid
4.1. Model geometry and computational domain
The stadium and its urban surroundings have been replicated in detail in the computational model for the
CFD simulations, based on the construction drawings of the stadium. The details of this computational model
have been reported in [9]. A lot of attention was paid to a high-resolution reproduction of the geometrical
complexity of the stadium. The computational model contains details down to a size of 0.02 m for the narrow
ventilation openings in the upper part of the stadium (Fig. 3a). This high level of detail was required to
accurately model the airflow through these openings. The buildings that are situated in a radius of 500 m from
the stadium were modelled explicitly, but only by their main shape (Fig. 7). The buildings that are located at a
greater distance from the stadium were modelled implicitly, i.e. not by their actual shape, but by means of
increased wall function roughness parameters (equivalent sand-grain roughness height kS and roughness constant
CS) at the bottom of the computational domain. The values for kS and CS are based on the aerodynamic
roughness length y0 of the terrain in and beyond the computational domain and on the relationship between kS,
CS and y0 for the specific CFD code that was derived by Blocken et al. [77,78] for several CFD codes.
The dimensions of the rectangular computational domain are L x W x H = 2,900 x 2,900 x 908.5 m3 and the
maximum blockage ratio is 1.6%, which is well below the recommended maximum of 3% [16,17]. The distances
from the buildings to the side, to the inlet and to the top of the domain are at least 5H, with H the height of the
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stadium, and the distance from the building to the outlet is 15H. Therefore, the requirements by Franke et al. [16]
and Tominaga et al. [17] are satisfied.
4.2. Computational grid
A high grid quality in the immediate vicinity of the stadium is very important for the accurate simulation of
the interaction of the ABL wind flow with the indoor natural ventilation. However, the generation of such a
high-quality grid for the complex stadium geometry is not straightforward, due to both the complexity of the
stadium and the large differences between the smallest (0.02 m) and the largest (2,900 m) length scales in the
computational domain. Standard automatic or semi-automatic generation of an unstructured grid does not
provide sufficient control of local grid resolution, grid stretching, control volume skewness and aspect ratio. Van
Hooff and Blocken [9] described the grid-generation procedure used to simultaneously generate the geometry
and the computational grid of the stadium. It consists of a series of grid extrusion operations that allows full
control over the grid quality, size and resolution. The resulting hybrid grid contains 5.6 x 106 prismatic and
hexahedral cells. An overall view of the grid from northwest is shown in Fig. 7. Figure 8 shows the
computational grid from inside the stadium; Figure 8b shows the grid in the vicinity of one of the large
ventilation openings (gates) in the corner of the stadium. A grid-sensitivity analysis was performed using three
grids with different grid resolutions; a coarse grid with 3.0 million cells (Fig. 7b), a middle grid with 5.6 million
cells (Fig. 7c) and a fine grid with 9.2 million cells (Fig. 7d). The minimum volumes for the three grids are 4.3 x
10-5 m3, 3.5 x 10-5 m3 and 2.0 x 10-5 m3. A grid-sensitivity analysis is best performed by comparing relevant
parameters at relevant locations. In this paper, the interaction of the ABL wind flow with the interior airflow
important. Therefore, the most relevant locations are the ventilation openings, and a relevant parameter is the
volume flow rate through these openings. Since the openings in the corners of the stadium are the most
important ventilation openings when the roof is closed, the three grids are therefore compared based on the
normalised volume flow rates through these four gates:
4

Qi ;coarse

1

Qtotal ;middle

i 1
4

Qi ;middle

Qi ;middle

2

Qi ; fine

Qtotal ; fine

i 1

100%

100%

(3)

(4)

where Qi;coarse, Qi;middle and Qi;fine are the volume flow rates (m3/s) through gate i for the coarse, middle and fine
grid, respectively. The calculated value of δ1 is 4.7% and of δ2 is 2.0%. The results obtained with the middle grid
show no large discrepancies with the results of the finer one. The results obtained with the coarse grid show
somewhat larger deviations from the middle grid. Therefore, the middle grid was selected. Note that the specific
grid generation procedure for the case of this stadium does not allow the use of a systematic identical refinement
factor throughout the entire domain. As a result, the discretisation errors themselves have not been determined.

5. CFD simulations: validation of isothermal wind flow and indoor airflow
5.1. Boundary conditions
A logarithmic mean wind speed profile representing a neutral atmospheric boundary layer is imposed with y0
= 0.5 m and a reference wind speed U10 (at 10 m height) of 5 m/s. The reference wind direction φref = 228° from
north, which corresponds to the meteorological conditions during the wind velocity measurements. Turbulent
kinetic energy k is calculated from Iu using k = 1.5(IUU)2, assuming isotropic turbulence (σu = σv = σw). The inlet
longitudinal turbulence intensity IU ranges from 30% at pedestrian height (y = 2 m) to 5% at gradient height. The
turbulence dissipation rate is calculated with = (u*ABL)³/( (y+y0)), where y is the height coordinate, κ the von
Karman constant (κ = 0.42) and uABL* the atmospheric boundary layer (ABL) friction velocity related to the
logarithmic mean wind speed profile. The standard wall functions by Launder and Spalding [79] are used with
the sand-grain based roughness modification by Cebeci and Bradshaw [80]. The parameters kS and CS are
determined from their appropriate relationship with y0, which was derived by Blocken et al. [77] for Fluent and
CFX. For Fluent 6, up to at least version 6.3, this relationship is given by:

kS

9.793 y0

(5)

CS

7

The value of kS is restricted in Fluent 6.3.26 (and other versions); it should be smaller than yP, which is the
distance between the centre point of the wall-adjacent cell and the wall. Therefore, for the ground surface
surrounding the area with explicitly modelled buildings, kS is taken to be equal to 0.7 m and consequently CS
should be 7 to satisfy Equation 5 for y0 = 0.5 m. A user-defined function is used to set the value of the constant
CS outside the standard allowable interval of [0;1] in Fluent 6.3.26. For the ground surface in the direct vicinity
around the explicitly modelled buildings and the stadium, y0 = 0.03 m is taken, which is imposed in Fluent by
setting kS = 0.59 m and CS = 0.5. The building surfaces are set to have zero roughness height (kS = 0). Zero static
pressure is imposed at the outlet. Note that the studied wind direction is not perpendicular to the boundaries of
the rectangular domain. As a result, an inlet is imposed on two sides of the domain, whereas the remaining two
sides are modelled as outlets. The top of the computational domain is modelled as a slip wall (zero normal
velocity and zero normal gradients of all variables).
5.2. Other computational parameters
The 3D steady isothermal RANS equations are solved in combination with the realizable k-ε turbulence
model [81] using the commercial CFD code Fluent 6.3.26 [82]. The realizable k-ε turbulence model is chosen
because of its general good performance for wind flow around buildings [83] and the overall good performance
of k- models for indoor airflow [1,84]. Pressure-velocity coupling is taken care of by the SIMPLEC algorithm,
pressure interpolation is standard and second order discretisation schemes are used for both the convection terms
and the viscous terms of the governing equations.
The computations were performed using parallel processing on a Sun Fire X4150 server containing two
Quad-Core Intel Xeon E5440 2.83 GHz processors and 16 GB Fully Buffered DDR2 memory. The simulations
were terminated after 6000 iterations with a total duration of 48 hours, when additional iterations showed no
further convergence. The scaled residuals [82] reached the following minimum values: 10-7 for x, y and z
velocity, 10-6 for k and , 10-8 for energy and 10-5 for continuity.
5.3. Results
Although the results in this subsection have already been presented to a large extent in two previous studies
by the authors [9,50], they are repeated here for completeness. The location of the ultrasonic anemometers in the
gates is indicated in Figure 9a, whereas Figure 9b depicts one of the anemometers as present during the
measurements. Figure 9c shows the comparison of the simulated and measured mean wind speed ratios U/Uref
for reference wind direction ref = 228˚, indicating a rather good agreement. Significant wind speed gradients
existed at the measurement position D. As a result, a small shift in measurement position or a small change in the
flow field can significantly affect the simulation values at this position. To indicate this effect, the deviations in
simulated wind speed by a 0.5 m shift in position are indicated by “error bars”. However, note that in many
cases, the gradients were too small for the error bars to be visible, except at position D. Figure 9d shows a
comparison of the measured and simulated local wind directions. A good agreement between the measurements
and simulations was found for these local wind directions in the gates, except for gate D, where a deviation of
90˚ was found. This deviation was attributed to the presence of this measurement position in the wake behind
one of the slender columns surrounding the stadium (Fig. 1a). These slender columns were not included in the
computational model. Overall, a fair to good agreement was obtained for the simulations, and the stadium model
is used to perform the CO2 concentration decay simulations.
6. CFD simulations: validation of CO2 concentration decay
6.1. Boundary conditions and solver settings
At the inlet of the domain a logarithmic mean wind speed profile, representing a neutral atmospheric
boundary layer, is imposed with y0 = 1 m [74]. The reference wind speed U10 = 3.5 m/s and the reference wind
direction ref = 40° from north to match the wind conditions during the CO2 concentration decay measurements.
For y0 = 1 m, IU ranges from 40 % (y = 2 m) to 8% at gradient height. Turbulent kinetic energy k is calculated
from Iu using k = 1.5(IUU)2. Note that it was chosen not to use unsteady wind conditions (velocity and wind
direction) for these unsteady RANS simulations, since only hourly values are available for these two parameters,
which are relatively constant during the CO2 concentration decay process (U10 ≈ 3.5 m/s, ref ≈ 40°). The use of
steady wind conditions is a simplification of the reality and might result in some small discrepancies between the
experiments and the CFD simulations. Zero static pressure is imposed at the outlet. The studied wind direction
is not perpendicular to the boundaries of the rectangular domain. As a result, an inlet is imposed on two sides of
the domain, whereas the remaining two sides are modelled as outlets. The roughness parameters for y0 = 1.0 m
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are kS = 1.4 m and CS = 7. The roughness parameters of the other surfaces are taken equal to the values for y0, kS
and CS as described in Section 5.1. The outdoor (ambient) air temperature throughout the entire simulation is set
equal to 19°C to match the measured outdoor thermal conditions during the concentration decay measurements
(see Fig. 6a). The surface temperatures are assumed equal to the ambient temperature, which is a simplification
of the real surface temperatures that will have been slightly higher due to the thermal storage of the stadium. The
influence of the thermal capacity of the stadium on the indoor air temperature can be seen in Figure 6a, in which
it is shown that the air temperatures at N1 and SE1 do not reach the ambient values. The air temperatures at N2
and SE2 however do reach the ambient value of 19ºC due to their location close to the ventilation openings
between the stand and the steel roof construction. The outdoor water vapour concentration and the CO2
concentration are also set equal to the measured values throughout the entire simulation period, which are 10
g/kg and 400 ppm for water vapour concentration and CO2 concentration, respectively. Note that the measured
water vapour concentration is shown in Figure 6b.
The simulations are started at the end of the concert, i.e. 0:00 hours. The initial indoor air temperature at the
beginning of the CO2 concentration decay simulations is set to 26ºC which corresponds to the average measured
indoor temperature at 0:00 hours in the night from June 3 to June 4. The CO2 concentration inside the stadium at
0:00 hours is set to 2000 ppm (uniformly distributed) and the indoor water vapour pressure to 15 g/kg (also
uniformly distributed). Note that the uniform distribution is a simplifying assumption, due to lack of more
detailed spatial information. The measurements in Fig. 6a and Fig. 6b indeed show significant spatial gradients
in temperature and water vapour concentration, respectively.
6.2. Other computational parameters
The wind-flow pattern around and in the stadium is obtained by solving the 3D unsteady RANS equations in
combination with the realizable k-ε turbulence model [81] and standard wall functions, using the commercial
CFD code Fluent 6.3.26 [82]. To incorporate the effect of changing air temperatures, water vapour and CO2
concentrations on the flow field, the momentum equations are solved simultaneously with the species transport
and energy equations. Pressure-velocity coupling is taken care of by the SIMPLEC algorithm, pressure
interpolation is standard and second order discretisation schemes are used for both the convection terms and the
viscous terms of the governing equations. Second-order implicit time integration is used as temporal
discretisation scheme. The Boussinesq approximation is used for buoyancy, which is valid because β(T-T0) =
0.07 << 1, where β is the thermal expansion coefficient and T-T0 the maximum temperature difference.
Radiation does not need to be taken into account because temperatures are imposed on all surfaces inside the
stadium. The turbulent Schmidt number Sct is set to 0.7, which is the default value and most often used in
dispersion simulations [26,85].
A sensitivity analysis concerning the temporal discretisation has been conducted by comparing the CO2
concentration decay curves obtained from the CFD simulations with different time-step sizes, i.e. t = 5 s, 10 s,
30 s. The number of iterations per time step was based on the monitored convergence of the CO2 concentration
within a time step at several positions inside the stadium, and differed for each time step size: the number of
iterations needed to obtain a converged solution (constant CO2 concentration) within a time step increased with
an increasing time-step size. For example, the number of iterations needed to obtain a converged solution for t
= 5 s was 30, whereas the number of iterations for t = 30 s was 180. This increase in the number of iterations
within a time step resulted in a computation time that was nearly independent of the time-step size. The
convergence within a time step should always be monitored very carefully; a non-converged solution within a
time step can lead to completely different and unrealistic final results. The scaled residuals at the end of each
time step decreased slightly during the simulation and reached the following minimum values: 10-6 to 10-7 for x,
y and z velocity, 10-5 for k and , 10-8 for energy and 10-4 to 10-6 for continuity. There was no noticeable effect of
the time step size on the final values of the scaled residuals. The results of the time-step size analysis are
depicted in Figure 10. Figure 10a,b show the CO2 concentration decay curves at positions N2 and SE2,
respectively. From this figure no clear conclusion can be drawn since the concentration decay curves for the
three different time step sizes appear to be exactly the same. A closer look at the beginning of the CO2
concentration decay curves is depicted in Figure 10c,d. It is shown that the results obtained with t = 30 s show
some differences with the curve obtained with t = 10 s. The results of the simulations with t = 10 s and t = 5
s however show quite a good agreement. Therefore, the simulations with t = 10 seconds were retained for
further analysis. In this respect, it should be noted that the primary focus of this study was the overall decay of
air temperature, water vapour concentration and CO2 concentration, rather than the short-term fluctuations. The
simulations were terminated when the CO2 concentrations had reached their ambient value (400 ppm) after 800
time steps with t = 10 s, which required 60 iterations per time step. The unsteady simulations took
approximately 21 days on the computing server described in section 5.2.
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6.3. Results
Figure 11 shows the comparison of the measured CO2 concentration decay curves with the curves obtained
from the unsteady CFD simulation at the four measurement positions. The largest deviations between CFD
simulations and measurements are found for position N1, which is caused by the fact that the CO2 concentration
at t = 0 is around 1500 ppm, while for the simulations an initial value of 2000 ppm was imposed for the entire
stadium indoor air volume. Note that the measured CO2 concentration does not reach values higher than 1500
ppm at this specific location and during this specific evening. Therefore, the lower measured concentration is
probably due to the fact that there are additional small windows present in the stadium facade in the vicinity of
the measurement location, which might have been open on this specific evening, but were considered to be
closed in the CFD simulations. By opening this small window fresh air can enter the stadium at a location which
is relatively close to the measurement location resulting in a lower CO2 concentration. At position N2, there is
also a clear discrepancy between the measured and the numerically obtained decay curve. It appears that there is
a delay in the decay curve obtained from the measurements. However, the slope of the decay curve and the
overall time it takes to reach the ambient value show a fair agreement. The measured and simulated CO2
concentration decay curves at the other two positions show quite a good agreement, both concerning the slopes
and the time at which nearly ambient values are reached.
Figure 11 shows that at the end of the simulation period (6000-8000 s), the simulations reach the outdoor CO2
concentration of 400 ppm faster than the measurements, which only reach this outdoor value at t > 10000 s.

7. Ventilation analysis
7.1. CO2 concentration distribution
The CFD simulations allow a detailed assessment of the ventilation effectiveness. Investigation of spatial
concentration gradients allows identifying regions in which the ventilation is below average (= high CO2
concentrations), such as recirculation regions and stagnant regions. Figure 12 shows the CO2 concentration
distribution in a horizontal cross-section at a height of 4.65 m above the ArenA deck, which is 2.5 m above the
stadium pitch, at four different moments in time from the start of the simulation at 0:00 hours: t = 0 s, t = 300 s, t
= 900 s and t = 1800 s. Figure 12a shows the uniform distribution of 2000 ppm that is imposed at t = 0 s, as well
as the outdoor value of 400 ppm. In Figure 12b-d it is shown that fresh air is supplied through the two northern
ventilation openings in the corners of the stadium. The figures show that there are two “jets” of fresh air that
penetrate the large indoor air volume. Polluted air is exhausted from the two other openings at the south side of
the stadium. It can be seen that the CO2 distribution is non-uniform due to the ventilation from one side of the
stadium. Figure 12b shows the concentration distribution at t = 300 s. The volume-averaged concentration inside
the stadium is 1856 ppm. However, the local concentration is about 1200 ppm at the location where the two jets
meet near the ventilation openings on the north side of the stadium (Fig. 12b; I) and about 1900 ppm in the south
part (Fig. 12b; II). In addition, high CO2 concentrations (up to 1900 ppm) are present in the wake of the stadium
(south side) where the polluted air is exhausted. Figure 12c shows the concentration distribution at t = 900 s. The
indoor volume-averaged concentration is 1455 ppm. At this time, there are still considerable spatial
concentration gradients present inside the stadium. In the northern part of the stadium the concentration is about
1000 ppm (Fig. 12c; I), versus 1300-1400 in the southern part (Fig. 12c; II). The CO2 concentration outside of
the downstream ventilation openings has decreased significantly to about 1000 ppm. Finally, at t = 1800 s (Fig.
12d) the volume-averaged concentration is 942 ppm and the spatial concentration gradients are less pronounced
as in the beginning. The concentration near the northern ventilation openings is about 800 ppm (Fig. 12d; I),
versus 900 ppm in the southern part (Fig. 12d; II).
Figure 13 shows the CO2 concentration contours in two vertical cross-sections, one through the long edge of
the stadium (Fig. 13a,c,e,g) and one through the short edge of the stadium (Fig. 13b,d,f,h). Again, the CO2
distribution is shown at four moments in time: t = 0 s, t = 300 s, t = 900 s and t = 1800 s. Similar observations as
from Figure 12 can be made: in general the lowest CO2 concentrations are present near the ventilation openings
at ground level at the north side of the stadium (indicated with dashed circles and with I in Fig. 13a,c,e,g). Figure
13c shows that fresh air has entered the stadium at ground level through the large ventilation openings (gates) in
the north-oriented corners of the stadium, which results in locally lower CO2 concentrations just above the pitch
(around 1100-1200 ppm). In the upper part of the stadium higher concentrations (around 1900 ppm) are present
due to a lack of ventilation and due to internal recirculation zones. These spatial differences can also be seen
from Figure 13d-f and were, to a certain extent, also observed during the CO2 concentration decay
measurements. Furthermore, it can be seen that there are regions of stagnant flow; regions which are not
ventilated as efficiently as the rest of the stadium. These locations are present in the area between the first and
the second tier (Fig. 13e,f; II). The second tier forms an overhang under which the mixing of the indoor air is

10

less efficient. This effect is most pronounced in Figure 13f, in which it is shown that the CO2 concentration at t =
900 s retains values of 1900 ppm in this area, which is about 450 ppm higher than the averaged CO2
concentration in the stadium volume at this time (=1455 ppm). Figure 13d,f shows that as a result of the wind
flow, which is almost parallel to this vertical cross-section, fresh air enters the stadium through the small
ventilation openings between the fixed and the movable part of the roof (Fig. 13d,f; III), and also through the
opening between the concrete stand and the steel roof construction (Fig. 13d,f; IV).
7.2. Local and overall air exchange rates
As stated in Section 1, the ACH can be calculated using the concentration decay curve of a tracer gas. To
assess the overall ACH of an entire enclosure based on local single-point measurements, strictly, the CO2
concentration should be uniform throughout the enclosure [62]. As shown in Figs. 12 and 13, this is certainly not
the case in the present study. Therefore, the CFD simulations in this study provide additional advantages
compared to the measurements, because they allow: (1) assessing the spatial and temporal concentration
gradients inside the stadium (see section 7.1); (2) determining the overall ACH value of the entire stadium; (3)
analysing the differences between the overall ACH and the local ACH values at the four measurement positions.
Note that we define the local ACH in a given point as the ACH value of a small representative volume around
this point. Representatively small means small enough for the CO2 concentration to be uniform in this volume.
Note that strictly, the concentration decay curves in the four measurement positions can only provide “local”
ACH values.
As stated in the introduction, Charlesworth [63] indicated that the perfect-mixing assumption is hardly ever
present in real buildings, which is illustrated once more in Figure 14a by showing the decay curves at all four
positions in a single graph. Charlesworth [63] also described that in the case of non-perfect mixing the mean of
the measured concentrations at several locations can be used to calculate the average CO2 concentration in the
enclosure. To verify this proposed method for the present situation, the volume-averaged CO2 concentration
decay curve (entire stadium volume), and the point-averaged concentration decay curve (average of decay curves
at N1, N2, SE1, SE2) are depicted in Figure 14b. This figure indicates that the average concentration based on
the concentrations at the four individual locations is almost equal to the volume-averaged concentration. This
seems to support the methodology suggested by Charlesworth [63], even for the present situation with very large
spatial gradients. Indeed, although the analysis only focuses on four points in a very large indoor air volume, it
can be concluded that the average concentration decay curve based on the four individual concentration decay
curves provides a very good approximation of the decay in the entire air volume.
In Section 1 it was mentioned that all tracer gas measuring techniques are based on the mass balance of the
tracer gas in the building during the tracer gas measurements, which uses the assumption that the air change rate
is constant [86]. This would lead to a linear relation between the natural logarithm of the CO2 concentration and
time. In Figure 15, the natural logarithm of the numerically obtained CO2 concentration decay curves are plotted
as a function of time, for the four indoor measurement positions (N1, N2, SE1, SE2), as well as for the volumeaveraged CO2 concentration decay (Fig. 15e) and the CO2 concentration decay averaged over the four positions
(Fig. 15f). It can be seen that the natural logarithms do not show a linear function of time. This observation can
be explained by the fact that due to ventilation of the stadium and the removal of (part of) the heat, water vapour
and CO2 concentration sources at t = 0 s, the differences between the outdoor and indoor air temperature,
between the outdoor and indoor water vapour concentration and between the outdoor and indoor CO2
concentration gradually decrease, which in turn decreases the buoyancy forces that partly drive the natural
ventilation. Due to these non-linear curves (in a semi-logarithmic graph), it is not possible to determine one
single value of ACH for each position. Instead, it was decided to apply a different approach and to split up the
decay curve into piecewise-linear segments corresponding to smaller time-intervals of 20 minutes (dashed
vertical lines in Fig. 15), and to calculate the ACH values for each of these segments. This method was also
suggested by Charlesworth [63] for cases in which unsteady air exchange rates are present. Although the curve
segments are also not completely linear due to the unsteady boundary conditions, they show a very good
agreement with the linear approximations in each time interval. The calculated ACH values are depicted in the
upper part of each graph. From Figure 15 it can be concluded that the ACH values strongly decrease in time due
to the decreasing buoyancy forces. For example, at N1, the ACH is 2.1 h-1 in the beginning of the decay curve,
whereas it is only 0.3 h-1 at the time the CO2 concentration has almost reached the outdoor value. In addition, it
can be concluded that the ACH values at the individual locations show a fair to good agreement with the ACH
values obtained from the volume-averaged CO2 concentration decay curve. Finally, comparison of Figure 15e
and Figure 15f shows that the point-averaged CO2 concentration decay curve results in ACH values that are
almost identical to the volume-averaged ACH values. This agreement further illustrates the possibility to use the
average of CO2 concentration decay curves at certain locations to determine the overall ACH value of a large
indoor air volume in which the perfect mixing assumption is not valid.
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8. Discussion
This study has shown the capabilities of unsteady RANS CFD simulations to predict pollutant concentration
decay in a naturally ventilated semi-enclosed stadium. Although considerable effort was invested in this
modelling study, some important limitations need to be mentioned.
The main limitation is the assumption that the initial CO2 concentration in the stadium was uniformly
distributed (2000 ppm). This is a simplification of reality and will have caused some discrepancies between the
experiments and the CFD simulations. Note that it was not possible to specify non-uniform initial CO2
concentrations at 0:00 h from the measurements due to the small number of measuring positions. However, the
simulations could be improved by using a two-stage simulation process. The first stage would comprise the
period from e.g. 23:00 h to 0:00 h, during which approximately steady conditions were present. These
simulations would need to include the production of heat, water vapour and CO2 by the more than 50,000
spectators. The second stage would consist of the period from 0:00 h to 2:30 h, using the end result of the first
stage as initial conditions. Note that this would indeed provide non-uniform initial conditions of temperature,
water vapour and CO2. The discrepancy between the decay curves obtained from the measurements and from the
CFD simulations at location N1 is only partly related to the non-uniform initial conditions. Although the
suggested two-stage simulation process will result in non-uniform initial conditions of temperature, water vapour
and CO2, it will not successfully nullify the discrepancy between the results at position N1. The discrepancy at
this location is most probably caused by additional small windows that were opened in the direct vicinity of the
measuring location. This assumption is supported by the fact that the CO2 concentrations did not reach values
higher than 1500 ppm at this specific location on this specific evening. These windows are normally not open
during concerts and were therefore not taken into account in the computational model. In general, it should be
noted that the presented simulations are very complex, and small simplifications and uncertainties in the
computational model, initial conditions and boundary conditions can have a large influence on the results.
The study was performed with constant temperatures imposed at the indoor stadium surfaces throughout the
unsteady simulation period. Further improvement can therefore consist of a more detailed simulation of the
thermal behaviour of the stadium, in which its heat capacity is taken into account. This can be done by extending
the current CFD model with heat transfer by conduction in the solid stadium parts and with radiative heat
transfer or by coupling the CFD simulation with Building Energy Simulation tools. Another simplification was
the use of unsteady RANS. The CFD simulations could also be conducted using the more sophisticated Large
Eddy Simulation (LES) approach in order to obtain a more detailed and realistic simulation of the wind flow
pattern, including unsteady flow effects like vortex shedding behind buildings, etc. Using LES one could more
accurately model the transient flow interaction at the ventilation openings, which might depend on the effect of
pulsating eddies and other transient flow features, especially when the flow is parallel to the ventilation openings
[87,88]. However, this possible increase in accuracy would also entail a large increase in computational cost.
Note that in spite of these limitations and in spite of the complex stadium geometry and the complex interaction
of wind-induced and buoyancy-induced ventilation, a satisfactory agreement between the CFD simulations and
the full-scale measurements has been obtained with the unsteady RANS approach. Finally, future work can also
focus on a more extensive parametric study to assess the influence of the boundary conditions and the initial
conditions on the obtained CO2 concentration decay curves and ventilation rates.
9. Conclusions
This paper has presented a computational study of CO2 concentration decay in a large naturally ventilated
semi-enclosed stadium. In order to model the interaction of the atmospheric boundary layer wind flow with the
indoor airflow, coupled CFD simulations have been conducted, in which both the outdoor wind flow and the
indoor airflow have been solved simultaneously, within the same computational domain and on the same
computational grid. The CFD simulations have been performed using the 3D unsteady Reynolds-averaged
Navier-Stokes equations and the realizable k-ε turbulence model. The following conclusions have been made:
A grid-sensitivity analysis has been conducted to indicate grid-independency. A hybrid grid consisting of
5.6 million cells has been used for the remainder of the study, since it provided nearly grid-independent
results.
The isothermal wind flow predicted by the CFD model has been compared with full-scale on-site
measurements of wind velocity, showing a fair to good agreement.
An analysis of the time-step size used for the unsteady CO2 concentration decay simulations has been
performed, indicating that a time-step size of 10 s provided sufficiently time-step size independent results.
An unsteady RANS simulation of CO2 concentration decay has been conducted. The boundary conditions
and initial conditions for this simulation have been taken equal to the measured values. The results of the
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CFD simulation have been compared with full-scale measurements of CO2 concentration decay after a
concert evening in June 2007, indicating a fair to good agreement.
The simulation results have been used to qualitatively analyse the ventilation efficiency of the stadium.
The analysis showed that relatively large differences (up to 700 ppm = 37%) in CO2 concentration are
present between the northern and southern part of the stadium, especially in the first 900 seconds of the
decay process. Furthermore, it showed that stagnant regions are present between the first and second tier.
These regions can be identified by the locally higher CO2 concentrations, which are most pronounced
after the start of the CO2 concentration decay.
To assess the overall ACH of an entire enclosure based on local single-point measurements, strictly, the
CO2 concentration should be uniform throughout the enclosure. However, this perfect-mixing assumption
is hardly ever present in real buildings. In the case of non-perfect mixing the mean of the measured
concentrations at several locations can be used to calculate the average CO2 concentration in the
enclosure. Based on the CFD simulations of the overall and local CO2 concentration decay, this approach
was indeed shown to be valid for the present study. In spite of the large spatial concentration gradients,
the point-average concentration decay based on the concentration decay curves at the four individual
locations was almost equal to the volume-averaged concentration decay.
Strictly, the concentration decay method should be applied for constant boundary conditions and driving
forces. In that case, the natural logarithm of the concentration would show a linear decrease over time.
However, in the present study, due to the ventilation itself, the differences between outdoor and indoor air
temperature and between outdoor and indoor concentration values decreased over time. This in turn
decreased the buoyancy forces that partly drive the natural ventilation. Therefore, the plotted semilogarithmic concentration decay curves are non-linear curves, and it is not possible to determine one
single value of ACH for each position. This is logical, given the fact that the ACH decreases over time
due to the decreasing buoyancy forces. Therefore, it was decided to apply a different approach and to split
up the decay curve into piecewise-linear segments corresponding to smaller time-intervals of 20 minutes.
This allowed calculating the ACH values for each of these segments and determining its decrease over
time.
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FIGURES

Fig. 1: (a) Amsterdam ArenA stadium with opened roof. (b) Inside view of the stadium.

Fig. 2: (a) Horizontal cross-section at a height of 2 m above the deck, which is situated at 8.5 m
above ground level. The four arrows indicate the location of the openings in the corners of the stadium
(gates). (b) Vertical cross-section αα’. (c) Vertical cross-section ββ’. Dimensions in m.
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Fig. 3: (a) Vertical cross-section of the eastern part of the ArenA stadium. Dimensions in m. (1) Logistics ring
with entrances to the stands on the second tier; (2) logistics ring with entrances to the stands on the first tier; (3)
ArenA deck that contains the gates; (4) safety and logistics ring between the stands and the pitch; (5) car park
underneath the pitch; (6) ventilation opening between stand and steel roof construction; (7) ventilation opening
between the fixed and movable part of the roof. (b) One of the four openings in the corner of the stadium (gates).
(c) Ventilation opening between the steel roof construction, the gutter and the concrete stand (see nr. 6 in Fig.
3a). (d) Ventilation opening between the fixed and movable part of the roof (only present at the two longest
edges of the stadium (see nr. 7 in Fig. 3a)).

Fig. 4: (a) Aerial view from southwest of the Amsterdam ArenA and its surroundings. The ABN-AMRO tower
(height = 95 m) is indicated. (b) Terrain surrounding the stadium with a radius of 10 km and estimated
aerodynamic roughness length y0 based on an upstream distance of 10 km. The white square represents the
computational domain.
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Fig. 5: Indication of the four indoor measurement positions and the reference measurement position (⊗) for air
temperature, water vapour pressure and CO2 concentration. Dimensions in m. (a) Horizontal cross-section; (b)
vertical cross-section.

Fig. 6: (a) Measured indoor and outdoor air temperature θa from the evening of June 3 until the morning of June
4. (b) Measured indoor and outdoor water vapour concentration xv from the evening of June 3 until the morning
of June 4. The duration of the concert is also indicated.
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Fig. 7: (a) Computational model geometry, view from northwest. (b-d) Computational grid on the building
surfaces and part of the ground surface: (b) coarse grid, 3.0 million cells; (c) middle grid, 5.6 million cells; (d)
fine grid, 9.2 million cells.

Fig. 8: (a,b) Inside view of the computational grid (middle grid) inside the stadium.
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Fig. 9: (a) Position of wind speed measurements with ultrasonic anemometers in the ventilation openings at the
corners of the stadium (gates). (b) Picture of measurement setup in one of the gates. (c,d) Comparison between
numerical and experimental results in the four gates A, B, C and D, for a closed roof and reference wind
direction of φref = 228º from north: (c) local non-dimensional velocity magnitude U/Uref; (d) local wind direction
φ.

21

Fig. 10: Comparison of simulated CO2 concentration decay curves obtained with different time-step sizes ( t = 5
s, 10 s and 30 s). (a) N2; (b) SE2; (c) N2 (zoom); (d) SE2 (zoom).
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Fig. 11: Comparison between measured CO2 concentration decay curves (EXP) and CO2 concentration decay
curves obtained with CFD. (a) N1; (b) N2; (c) SE1; (d) SE2.

23

Fig. 12: Distribution of CO2 concentration (ppm) in a horizontal cross-section at a height of 4.65 m above the
ArenA deck at four different moments in time: (a) t = 0 s; (b) t = 300 s; (c) t = 900 s; (d) t = 1800 s.
The dashed circles with I and II indicate the regions near the ventilation openings on the north side and south
side of the stadium, respectively.
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Fig. 13: Distribution of CO2 concentration (ppm) in two vertical cross-sections through the middle of the short
and long edge of the stadium, respectively. (a,b) t = 0 s; (c,d) t = 300 s; (e,f) t = 900 s; (g,h) t = 1800 s. The
dashed circles indicate: (I) region above the pitch where fresh air is present; (II) stagnant regions with high CO2
concentrations; (III) fresh air entering the stadium through the small ventilation openings between the fixed and
movable part of the roof; (IV) fresh air entering through the small ventilation opening between the concrete stand
and the steel roof construction.
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Fig. 14: CO2 concentration decay curves obtained with CFD. (a) Comparison of decay curves at positions N1,
N2, SE1 and SE2. (b) Comparison between the volume-averaged decay curve and the decay curve obtained by
averaging the four decay curves at N1, N2, SE1 and SE2.
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Fig. 15: Calculation of ACH values based on 20-minute piecewise linear intervals of the CO2 concentration
decay curves obtained with CFD. (a) N1; (b) N2; (c) SE1; (d) SE2; (e) volume-averaged decay curve; (f) pointaveraged decay curve (average of N1, N2, SE1, SE2).
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