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Abstract: High-resolution CFD simulations and full-scale measurements have
been performed to assess the dispersion of air pollutants (CO,) from the large
semi-enclosed Amsterdam ArenA football stadium. The dispersion process is
driven by natural ventilation by the urban wind flow and by buoyancy, and by the
interaction between outdoor wind flow and indoor airflow which are only connected
by the relatively small ventilation openings in the stadium facade. The CFD
simulations are performed with the 3D Reynolds-averaged Navier-Stokes equations
supplemented with the realizable k-e model to provide closure. The full-scale
measurements include reference wind speed, wind direction, and outdoor and
indoor air temperature, water vapor and indoor CO, concentration. In particular, the
focus is on CFD simulations and measurements for the few hours immediately after
a concert, when the stadium roof remains closed and when indoor air temperature,
water vapor and CO, concentration have reached a maximum level due to the
attendants. The removal of the sources/attendants allows an assessment of the
natural ventilation rate using the concentration decay method. The CFD simulations
compare favorably with the measurements in terms of mean wind velocity in the
main ventilation openings and in terms of the CO, concentration decay after the
concerts. The validated CFD model will in the future be used for a detailed
evaluation of indoor concentration gradients and the interaction between wind-
induced and buoyancy-induced natural ventilation.

Keywords: Computational Fluid Dynamics (CFD); natural ventilation; buoyancy;
stadium aerodynamics.

1 INTRODUCTION

The removal of contaminants from buildings is important for indoor air quality and
for the comfort and health of the occupants. Natural ventilation by wind and
buoyancy is a sustainable approach for removal of contaminants [e.g. Linden 1999,
Hunt and Linden 1999, Li and Delsante 2001]. One of the available methods to
analyze natural ventilation of buildings is Computational Fluid Dynamics (CFD) [e.g.
Heiselberg et al. 2004, Chen 2009, van Hooff and Blocken 2010, Ramponi and
Blocken 2012]. However, the accuracy and reliability of CFD are important
concerns. Therefore, CFD verification and validation are imperative [e.g. Casey and
Wintergerste 2000, Jakeman et al. 2006, Franke et al. 2004, 2007, Tominaga et al.
2008, Chen 2009, Blocken et al. 2012, Blocken and Gualtieri 2012]. This requires
high-quality experimental data, either wind tunnel data or field data. These data in
turn need to satisfy certain quality criteria [Schatzmann et al. 1997, Schatzmann
and Leitl 2011]. This paper presents a case study in which the dispersion of CO, in
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the Amsterdam ArenA football stadium and its removal by natural ventilation are
modeled using CFD, and in which the CFD simulations are validated by comparison
with full-scale experiments. The validated CFD model can be used in future studies
to assess indoor pollutant concentration gradients. These gradients indicate how
good the enclosure is ventilated and provides information on stagnant regions,
short-circuiting, etc. The Amsterdam ArenA is a multifunctional stadium that hosts
a wide variety of activities, such as football games, concerts, conferences and
festivities. During these activities, the roof is closed, and natural ventilation can only
occur through the relatively small ventilation openings in the stadium facade. The
CFD simulations in this paper are performed in a fully coupled way, i.e. outdoor and
indoor air flow are modeled simultaneously in the same computational domain. This
study is an extension of the earlier study with the same computational model [van
Hooff and Blocken 2010]. It presents a further validation of this model for the
specific complex situation after the concerts, when different physical processes
such as heat and mass (water vapor and CO,) transfer interact and where this
interaction determines the natural ventilation rate.

2 DESCRIPTION OF STADIUM AND SURROUNDINGS

The ArenA stadium is surrounded by several medium and high-rise buildings, with
heights varying from 12 m to a maximum of 95 m for the “ABN-AMRO” office
building, which is located on the south-west side of the ArenA. The aerodynamic
roughness length y, of the surroundings, which is needed for the CFD simulations,
is determined from the updated Davenport roughness classification [Wieringa
1992]. 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 y, for this area is 1.0 m. The area on the south side can be characterized
with yo = 0.5 m. The Amsterdam ArenA is a so-called oval stadium (Fig. 1a). The
roof is dome shaped, semi-transparent and can be closed by moving two large
panels with a projected horizontal area of 110 x 40 m? (L x W). The stand consists
of two separate tiers and runs along the entire perimeter. Figures 1a-c show a
detailed plan view and the two cross-sections aa’ and Bf’. The exterior stadium
dimensions are 226 x 190 x 72 m® (L x W x H). The stadium has a capacity of
51,628 seated spectators and an interior volume of about 1.2 x 10° m®.

b
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Figure 1. (a) Horizontal cross-section of stadium. The arrows indicate the four large
openings (gates) in the corners of the stadium. (b) Cross-section aa’. (c) Cross-
section BB’. The four measurement positions (®) for air temperature, CO, and
water vapor concentration inside the stadium are indicated. Dimensions in m.

In absence of HVAC (Heating, Ventilation and Air-Conditioning) systems, natural
ventilation is the only means to ensure indoor air quality. Natural ventilation can
occur through the openings that are present in the envelope of the stadium. The
ArenA has several of such openings. The roof is the largest potential opening.
During concerts and other festivities however, which are usually held in the summer
period, the roof is closed most of the time to provide shelter to the spectators and
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the technical equipment. When the roof is completely open, it is the largest opening
(4,400 m2) in the stadium envelope. When it is closed, natural ventilation of the
stadium can only occur through a few smaller openings. The four gates in the
corners of the stadium (Fig. 1a) together form the second largest (potential)
opening (4 x 41.5 m?. They are generally completely open. Additionally, two
relatively narrow openings are present in the upper part of the stadium (Fig. 2). The
first one is situated between the stand and the steel roof construction, and runs
along the entire perimeter of the roof (Fig. 2a). It has a total surface area of 130 m®.
The other one is situated between the fixed and movable part of the roof (Fig. 2b).
This opening is only present alonzg the two longest edges of the stadium and has a
total surface area of about 85 m“. Of these openings, only the roof and gates can
be opened/closed. In the basic configuration analyzed in this study, the roof is
closed, and all other openings are open. More information on the geometry of the
stadium and its surroundings can be found in van Hooff and Blocken [2010].

a

Figure 2. (a) Ventilation opening between the stand and the roof construction.
(b) Ventilation opening between the fixed and the movable part of the roof.

3 FULL-SCALE MEASUREMENTS
3.1 Wind velocity

For CFD validation purposes, the 3D wind velocity in and around the stadium was
measured in the period September-November 2007, on days with strong winds
(reference wind speed above 8 m/s). Measurements were made with ultrasonic
anemometers, positioned on mobile posts, at a height of 2 m above the floor. The
measurement positions included the four openings (gates) in the corners of the
stadium. Reference wind speed (Uret. meas) Was 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. The data were sampled at 5 Hz, averaged into 10-
minute values and analyzed. Only data with at least 12 different 10-minute values
per wind direction sector of 10° were retained. The measurement results will be
reported together with the simulation results in section 5.1.

3.2 CO,, temperature and vapor concentration decay

To assess the natural ventilation in the stadium, CO, measurements were
performed at four different locations (Fig. 1a-c) and converted to air change rates
per hour (ACH) using the concentration decay method:

_InC(z))-InC(7,)
7,7

ACH

(1)
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where ACH is expressed in h”, C(1o) is the concentration at time 0 in ppm, C(T;) the
concentration at 1, in ppm and (14-To) the time between the two measurements. The
CO;, concentration at the four positions was measured during three consecutive
days on which concerts took place: June 1%, 2™ and 3. The analysis of the
measurements is focused on the period following each of the concerts (0:00 — 2:30
am), when the CO, concentration had reached a maximum level caused by the
attendants. The indoor air temperature and vapor concentration were measured
simultaneously at the same four locations (Fig. 1). Furthermore, the outdoor air
temperature and vapor pressure were measured. The outdoor temperature during
the CO, measurements on all evenings was about 19°C and the indoor air
temperature was about 26°C at the end of the concerts and decayed to about 19°C
at 2:30 am. The water vapor concentration decayed from 15 g/kg to 10 g/kg. From
0:00 — 2:30 am, the potential mean wind speed U;, measured by the Dutch
Meteorological Institute (KNMI) at Schiphol airport was about 3.5 m/s and the wind
direction on the three days was about 40° from north. Because of the similar
conditions, the measured ACH values for these three nights were averaged.
Although differences are present between the four measurement positions, and
also between the three consecutive evenings, the total average ACH was around
0.67 h™ with a relatively small maximum deviation of about +10% for the values at
each individual position. The ACH values based on the CO, concentration decay
curves on three consecutive evenings were within 8% of the average ACH value for
each particular position.

4 CFD SIMULATIONS: COMPUTATIONAL MODEL AND PARAMETERS
41 Model geometry and computational domain

The computational model of the stadium reproduces its geometrical complexity with
high resolution, down to details of 0.02 m. This is required to accurately model the
flow through the narrow ventilation openings (Fig. 2a,b). The computational domain
has dimensions L x W x H = 2,900 x 2,900 x 908.5 m3. The maximum blockage
ratio is 1.6%, which is well below the recommended maximum of 3-5% [Franke et
al. 2007, Tominaga et al. 2008]. The distance from the building to the sides, to the
inlet and to the top of the domain is at least five times the height of the building and
the distance from the building to the outlet is fifteen times the height [Franke et al.
2007, Tominaga et al. 2008].

4.2 Computational grid

The computational grid consists of 5.6 million prismatic and hexahedral cells. The
grid is a hybrid grid; it is partially structured and partially unstructured. Special
attention was paid to the precise modeling and high grid resolution of the ventilation
openings of the stadium. A high grid resolution is used in the proximity of these
openings in order to accurately model the flow. A grid-sensitivity analysis was
performed with grids containing 3.0 million, 5.6 million and 9.2 million cells,
indicating that the 5.6 million grid provides fairly grid-independent results. The
specific procedure that was used to construct this body-fitted grid and the grid-
sensitivity analysis are reported in van Hooff and Blocken [2010]. Some parts of the
computational grid are displayed in Figure 3a,b.

4.3 Boundary conditions

At the inlet of the domain a logarithmic mean wind speed profile representing a
neutral atmospheric boundary layer is imposed with an aerodynamic roughness
length y, of 0.5 m and 1.0 m, depending on the wind direction, and a reference wind
speed Uqo at 10 m height of 3.5 m/s. The corresponding turbulent kinetic energy
and the turbulence dissipation rate profiles are also imposed [van Hooff and
Blocken 2010]. Note that no time-dependent velocity fluctuations are imposed at
the inlet. The roughness of the bottom of the domain is taken into account by
imposing appropriate values for the sand-grain roughness ks and the roughness
constant Cg in the standard wall functions [Launder and Spalding 1974, Cebeci and
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Bradshaw 1977]. For Fluent 6, these parameters are calculated from the
aerodynamic roughness length using ks = (9.793y,)/Cs [Blocken et al. 2007]. The
value for Cg is set equal to 7 with a user defined function (UDF) in the Fluent 6.3.26
code and the sand-grain roughness ks is taken equal to 0.7 m. More information on
this matter is provided in [Blocken et al. 2007]. For the ground surface in the direct
vicinity of the explicitly modeled buildings and the stadium, y, = 0.03 m, which is
imposed by setting ks = 0.59 m and Cs = 0.5. Zero static pressure is set at the
outlet of the domain and the top is modeled as a slip wall (zero normal velocity and
zero normal gradients of all variables). The boundary conditions for the CO,
dispersion simulation will be presented in section 5.2.

Figure 3. (a) View from north showing part of the computational grid on the
surfaces of the stadium and its surroundings. (b) Bird-eye view of the grid
on the southeast side of the stadium.

4.4 Other computational parameters

The 3D steady and unsteady RANS equations are solved in combination with the
realizable k-€ turbulence model [Shih et al. 1995] using the commercial CFD code
Fluent 6.3.26 [2006]. The realizable k-¢ turbulence model is chosen because of its
general good performance for wind flow around and inside buildings [Linden 1999,
Franke et al. 2004]. Pressure-velocity coupling is taken care of by the SIMPLE
algorithm, pressure interpolation is standard and second-order discretization
schemes are used for both the convection terms and the viscous terms of the
governing equations. The Boussinesq approximation is used for thermal modeling.

5 CFD SIMULATIONS: RESULTS
5.1  Wind velocity

For validation purposes a set of steady RANS simulations is performed without
thermal effects and without incorporation of CO, and vapor concentration, because
the conditions during the wind velocity measurements (i.e. strong wind conditions)
are reproduced. The simulated and measured mean wind speed ratio and mean
wind direction in the four gates (A, B, C, D) are compared. The mean wind speed
ratio is defined as the magnitude of 3D mean velocity vector at the measurement
position divided by the reference mean wind speed U, measured on top of the
ABN-AMRO office building. This ratio is also calculated with CFD and both ratios
are compared in Figure 4. For brevity, results are only shown for wind direction ¢ =
228°. The computed mean wind speed ratio in general lies within 25% of the
measured mean wind speed ratio. Given the complexity of the stadium and its
surroundings, this can be regarded as a fair to good agreement. The same holds
for the computed local mean wind directions in the gates (Fig. 4b), which generally
are within 10° of the measured wind directions, except for gate D. In this gate, the
CFD simulation predicts a flow parallel to the opening, whereas the measurements
showed flow directed into the stadium (90° deviation). This can probably be
attributed to the presence of slender columns close to this measurement position,
which were not included in the CFD model. Overall, a fair agreement between
simulations and measurements is obtained.
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5.2 CO, dispersion and removal

These simulations are intended to reproduce the conditions at the end of the
concerts (0:00 — 2:30 am), as described in section 3.2. Two consecutive
simulations are performed. First, steady RANS is used to calculate the steady-state
wind-flow pattern in and around the stadium, to be used as initial condition for the
transient simulations. Next, unsteady RANS CFD simulations of wind flow and the
decay of air temperature, CO, and water vapor concentration are performed. The
initial values for temperature, vapor and CO, concentration outside and inside the
stadium are set to the measured values at the beginning of the CO,
measurements. The indoor air temperature at the beginning of the CO, decay
simulation is set to 26°C, the outdoor temperature is set equal to the measured
value of 19°C. The surface temperatures are assumed to be equal to the indoor
temperature, which is a simplification of the real surface temperatures that will have
been slightly higher. The CO, concentration inside the stadium is set to the
measured maximum value of 2000 ppm (uniformly distributed) and the
concentration outside the stadium is set to 400 ppm. The indoor water vapor
pressure is set on 15 g/kg whereas the ambient water vapor pressure is set on 10
g/kg. To incorporate the effect of changing air temperatures and water vapor
concentrations on the flow field the momentum equations are solved
simultaneously with the species transport and energy equations. The time step is
30 seconds. Note that the overall decay of air temperature, water vapor and CO,
concentration are of primary interest in this study, and not the short-term velocity
fluctuations, which would have required smaller time steps.
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Figure 4. Comparison between numerical and experimental results in the four
gates A, B, C and D, for closed roof and reference wind direction ¢ of 228°.
(a) Dimensionless mean wind speed ratio U/U,; (b) local mean wind direction .

5.3 Results

Figure 5 shows the measured CO, concentration decay at position N2 as well as
the simulated CO, concentration decay for five different positions: the four
measurement positions and the middle of the stadium interior. The CO,
concentration decay curve at N2 obtained with the CFD simulations shows a fair
agreement with the measured decay curve. The average deviation in CO,
concentration amounts 8.2%. Furthermore, the ACH based on the CFD simulations
is 0.64 h', which corresponds well to the measured averaged ACH value of 0.67 h'
(difference < 5%). Positions N1, SE1 and “Middle” show a larger deviation, but
overall these curves show a fair to good agreement with the measurements as well.
One possible explanation for the larger deviations at these three positions is that
they are all located at a relatively large distance from the ventilation openings, while
positions N2 and SE2 are located in the close vicinity of the ventilation openings
near the gutter. In this area the wind will dominate the flow, whereas inside the
stadium buoyancy will be more important. Since the surface temperatures inside
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the stadium are slightly lower than the ones in reality, small deviations can be
present with respect to the buoyancy-driven flow inside the stadium.
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Figure 5. (a) Measured CO, decay (dotted line) for position N2 and simulated CO,
decay (continuous lines) using URANS for five different positions inside the
stadium. (b) Positions for the measurements and/or simulations.

6 SUMMARY AND CONCLUSIONS

High-resolution CFD simulations and full-scale measurements have been
performed to assess the dispersion of air pollutants from the large semi-enclosed
Amsterdam ArenA football stadium. The following conclusions are made:

e Wind velocity measurements have been used as a first validation step for the
CFD model of the stadium and its surroundings and a fair agreement between
simulations and measurements has been found.

e A grid-sensitivity analysis for the wind velocity through the gates as main
ventilation openings has been performed, which has resulted in a grid with 5.6
million cells.

e CFD simulations of CO, concentration decay have been made and they have
been compared with measurement results, and a fair to good agreement has
been obtained.

e This study is only a first step. Further research will consist of additional
investigations into the sensitivity of CFD indoor dispersion and natural ventilation
results to the wide range of computational parameters.

e The validated CFD model will be used in future research for a detailed
evaluation of indoor concentration gradients and the interaction between wind-
induced and buoyancy-induced natural ventilation.
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