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Abstract

:

This article explores the effects of outdoor PM2.5 concentration, venue airtightness and the distribution of indoor PM2.5 concentration on the curling venue of the National Aquatics Center. Research has found that when the filtration efficiency of the fresh air system is 60%, the outdoor PM2.5 concentration increases by 20 μg/m3, an average increase of 6 μg/m3 in indoor PM2.5 concentration. When the venue air tightness is good, the outdoor air quality has no significant impact on the average indoor PM2.5 concentration. But as the number of infiltration air changes increases, the indoor PM2.5 concentration in each region shows an upward trend. The end of the air conditioning system in the competition area adopts bag air duct supply mode, which can reduce the concentration of PM2.5 in the competition area by 93%, and the moisture content is reduced to 2–2.5 g/kg, better meeting the requirements of curling competitions.
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1. Introduction


In recent years, air quality has attracted increasing attention as a critical aspect of modern environmental issues. Air quality is closely related to human health. Relevant studies focused on public buildings, such as classrooms, shopping malls, and stations; however, research on ice sports venues has not been investigated extensively. The Beijing 2022 Winter Olympic Games facilitated the development of ice sports, and an increasing number of people are participating in ice sports. The post-Winter Olympics period has provided opportunities for the development and sustainable construction of ice sports venues. Compared with general sports buildings, ice sports venues have limited indoor natural ventilation to ensure a dry and wet environment on the ice surface and satisfy anticondensation requirements, which further increases the probability of air quality problems. In addition, outdoor air pollution in the Beijing region is unhealthy; in particular, atmospheric particulate matter pollution is relatively unhealthy, and in the absence of effective measures, indoor PM2.5 concentrations increase [1]. The human breathing rate increases during strenuous exercise, and interactions with the air increase [2,3]. The impact of air quality on the human body is significant, which reduces exercising ability and causes respiratory diseases.



Rundell (2003, 2004) [4,5] analysed the concentration of particulate matter in an indoor ice rink and found that the PM1 concentration during the use of the indoor ice rink was 30 times that of the outdoor PM1 concentration, and that unhealthy particulate matter pollution occurred. The author believed that particulate matter pollution is a critical air problem in indoor ice rinks. Stathopouiou (2008) [6] observed that the concentration of various pollutants in the indoor air of sports venues increased with increasing outdoor pollutant concentrations. Sander et al. (2019) [7] examined the temperature, humidity, and CO2 concentration in the arena of a modern Finnish ice rink using measurement and simulation methods. They observed a slight increase in the CO2 concentration higher than 1200 ppm, which exceeded the standard value. Ewa et al. (2020) [8] measured the concentrations of indoor and outdoor bacterial aerosols in indoor skating rinks in Poland, assessed the influence of ventilation systems on bacterial aerosol concentrations, and found that ventilation systems have a good regulating effect on indoor air hygiene conditions. Some Chinese researchers have studied the indoor air environments of basketball, badminton, table tennis, and other ball sports halls and found that owing to competition requirements, indoor wind speed and insufficient ventilation in ball sports halls often lead to high concentrations of CO2 and PM2.5, and pollutant levels are related to personnel activities and form of ventilation [9,10,11,12,13,14,15]. Du et al. (2020, 2022) [16,17] and Zhang et al. (2021) [18] measured PM2.5 and PM10 concentrations and investigated the subjective perception of users in the Ice Cube curling hall of the Winter Olympic Games from 2019 to 2022. They proposed the interactive relationship between the indoor PM2.5 particle concentration and the heat and humidity environment for the first time.



In terms of indoor PM2.5 concentrations, researchers often use computational fluid dynamics (CFD) techniques for the numerical analysis of airflow distribution. Bellache et al. (2002, 2005) [19,20] used the standard K-e model to conduct two-dimensional steady-state simulations of the thermal and humid environments of an ice rink. Their simulation considered radiation, turbulent mixed convection, and vapour diffusion between all internal surfaces, including the building envelope. The simulation results were consistent with the measured heights, thereby verifying the feasibility of the CFD simulation for ice rink buildings. Omri et al. (2016) [21] established a three-dimensional (3D) model applicable to an ice rink based on Bellache et al. (2005) [20] and performed a numerical simulation of an ice sports arena using radiant heaters. This was the first time 3D CFD simulations of airflow and heat transfer were conducted for an indoor ice rink. Palmowska et al. (2017, 2018) [22,23] conducted a comprehensive comparative study of five factors using different dehumidification methods, air supply methods, internal circulation systems, personnel numbers, and ceiling emissivity in ice rinks, using CFD simulation technology in subsequent studies. They described the influence of each factor on the air environment of ice rinks, thereby providing an essential reference for simulating and designing indoor air environments in modern ice sports venues. Kwon et al. (2019) [24] simulated and compared the top mixed ventilation and downward displacement ventilation systems using an indoor ice skating rink built in Yong’an, Republic of Korea. They found that the mixed ventilation method was more effective at eliminating fog generated near the ice surface. CFD simulation technology has been widely applied, and many cases exist in China in which CFD simulation technology was used to examine the indoor air environment of sports venues [25,26]. These studies indicate that CFD simulation technology is an accurate and reliable research method, particularly for tall space buildings, such as sports venues. The use of simulation technology to guide design optimisation can effectively improve building quality and has practical significance.



Curling is the most demanding ice sport under hot and wet conditions. Curling venues have large spaces, the largest air seepage in the envelope structure, and a nonuniform heat and humidity indoor environment, which makes the air environment complex and different from those of ordinary living and office spaces. Therefore, the measured data in this study are insufficient to show the complete indoor air quality distribution of the stadium, and it is necessary to supplement the simulation data. During the Winter Olympics, the National Aquatics Center (‘Water Cube’ and ‘Ice Cube’) built a detachable curling track on the swimming pool of the ‘Water Cube’ to achieve ‘water ice conversion’, transforming it into an ‘Ice Cube’ with an internal space of up to 31 m. It hosted male and female curling and wheelchair curling competitions, freely transitioning between ‘ice water’ sports, and became an example of ‘Exemplary post-match utilization of Olympic venues’, as shown in Figure 1. Based on previous field measurements at the curling venue of the National Aquatics Center [16,17,18], the concentration distributions of indoor PM2.5 particles were further simulated and analysed in this study. The purpose of this study is to (1) establish four simulation scenarios based on the measured data from 2019 to 2020 and 2021 to 2022, analyse the simulation results, and calibrate the model to verify the accuracy of the simulation; (2) visualise PM2.5 distribution in curling venues through simulation, assess the influencing factors, and analyse the variations in PM2.5; (3) propose measures to improve the indoor air quality of curling venues and provide references for similar ice venue architectural design and engineering construction.




2. Methodology


2.1. Establishment of Simulation Model


A simulation model was established to simulate the environment of PM2.5 to further examine the air environment in the stadium. SketchUp was used for auxiliary modelling, and ICEM CFD was used for model refinement and mesh division. The number of meshes was approximately two million; 99.9% of the mesh quality ranged between 0.95 and 1, and the mesh quality satisfied the requirements. Standard k-Ɛ turbulence was used to simulate the PM2.5 concentration using Fluent19.0 [27,28]. The indoor particulate matter movement is a quite complex process. In order to simplify the model for simulation, the following assumptions are made to the model:




	(1)

	
The indoor supply air volume and return air volume are stable values.




	(2)

	
Not considering the indoor PM2.5 reduction rate.




	(3)

	
Indoor PM2.5 is uniformly distributed.




	(4)

	
Assuming that the indoor PM2.5 emission intensity is constant, and does not change over time.




	(5)

	
Neglecting the dust generation in ventilation ducts and the PM2.5 deposition inside the ducts.









Generally speaking, the indoor PM2.5 diffusion in curling venues occurs in turbulent flow fields. Therefore, the indoor pollutants’ convective diffusion law should be based on turbulent diffusion theory, and an accurate numerical simulation of the convective diffusion process should be carried out on this basis. A reasonable turbulence model has a significant impact on the accuracy of the simulation. The commonly used turbulence models can be divided into two categories: One is eddy viscosity models, including zero equation models, one equation model, and two equation models. Another type is second-order moment closure models based on Reynolds stress transport equations, including Reynolds stress models and algebraic stress models. The standard k-epsilon is a dual equation model developed on the basis of the k-equation model that characterizes turbulent pulsation kinetic energy and has wide applicability. Although in terms of accuracy, RNG k-ε The model has more advantages, and many scholars have also achieved good results in using the standard k-ε model to simulate the diffusion of atmospheric pollutants. For example, [27] used the standard k-ε model to simulate natural ventilation and the diffusion and distribution of pollutants in street valleys, and the simulation results were consistent with the actual situation. In [28], the authors used the standard k-epsilon model to simulate the effect of temperature on the three-dimensional block flow field and pollutant diffusion, which showed good consistency with actual measurement data. Compared with on-site detection data, the two were in good agreement, indicating that the standard k-epsilon model can be applied to simulate the diffusion of pollutants in different types of environments. In the standard model, k and ε are two basic unknowns. The corresponding transport equation is as follows [29]:




	(1)

	
k equation:











      pk    t  +     p  v j  k      x j    =    x j   ¯      μ +    μ t     σ k       k   x j      +  G k  +  G b  − ρ ε −  Y M  +  S k   



(1)







	(2)

	
ε equation:








        ρ ε     t  +     p  v j  ε      x j    =    x j   ¯      μ +    μ t     σ ε       ε   x j      +  ε k  [  c 1  (  G k  +  G b  ) −  c 2  ρ ε ] +  S k    



(2)





Gk is the term for the generation of turbulent kinetic energy k caused by the average velocity gradient:


   G k  =  μ t       v i     x j    +    v j     x i         v i     x j     



(3)







Gb is the term for the generation of turbulent kinetic energy k caused by buoyancy:


   G b  = − β μ  g i     μ t    σ T    T   x i     



(4)







YM represents the contribution of pulsation expansion in compressible turbulence. Sk and Se are user-defined source items. Cμ = 0.09, σK = 1.0, σε = 1.3, C1 = 1.44, C2 = 1.92.



Secondly, a simulation model was established based on the actual state of the venue. Because the curling hall of the National Aquatics Center is symmetrical from north to south, only the northern side of the venue was modelled to improve simulation speed, and the overall condition of the venue was simulated by setting up a symmetrical surface [30,31,32]. Figure 2a illustrates the establishment of the model. Pixel amplification was performed on the Y-axis coordinate values to ensure clarity in the CFD simulation diagram.



The simulation results were compared with the measured results to verify the accuracy of the simulation results, and the corresponding data collection points were established in the model according to field-measured locations [16], as shown in Figure 2b. Points A1, A2, and A3 were located in the lower part of the northern spectator area, middle corridor, and upper part, respectively, representing the air environments at different heights of the spectator area. Point C was located in the competition area, representing the air environment of the competition area. Each collection point was located at a height of 1.5 m from the ground, which was the same height as the measured measurement point. In addition, the bottom floor of the north-west corner of the stadium was adopted as the coordinate origin, the south direction was the positive x-direction, the east direction was the positive y-direction, and the vertical direction was the positive z-direction to establish the coordinate system and reveal the distribution of PM2.5 concentration in the competition and spectator areas of the venue. The section at a distance of 35 m from the origin of the model coordinates in red is called the y = 35 m section. The interface passed through the central area of the ice surface, which displayed the simulation conditions of the spectator and competition areas, as shown in Figure 2c. The World Curling Federation (WCF) proposed a standard for temperature and relative humidity at a height of 1.5 m above the ice surface. Therefore, the 1.5 m section above the ground in the competition area was the simulation interface. The 1.5 m section above the ground on each floor in the spectator area was the simulation interface of the spectator area, as shown in Figure 2d.



Finally, the boundary conditions of the model were set, as shown in Table 1, considering the heat exchange of the ice surface and the effects of heat and humidity on the venue [33,34,35]. The temperature and relative humidity at the ice surface were determined based on relevant guidelines from the WCF. Based on measured analyses [16], the temperature and relative humidity within the stadium influence the PM2.5 particle concentration, whereas exhaled air from human bodies contains high moisture content and temperature, which also influences the relative humidity and temperature of the spectator area. Therefore, the model considers the influence of the ice surface and heat dissipation and respiration from human bodies in an indoor air environment. Because of the large size of the venue model and numerous spectators, modelling the humans within the venue is challenging. Alternative methods were employed in this study to alleviate the computational burden by incorporating air supply ports and heat dissipation surfaces into the audience area to simulate the breathing and cooling effects of the audience members, thereby significantly reducing the complexity of the model construction process while shortening the simulation time. Regarding the boundary parameter settings, the main references include field measurements [16], architectural design drawings and heating, ventilation, and air conditioning (HVAC) design specifications for venues [36], and the literature sources [37].




2.2. Simulated Scenarios


In this study, detailed tests were conducted on the PM2.5 particle concentrations in the indoor air of the stadium from 2019 to 2022. During this period, the outdoor weather conditions and internal facilities of the stadium changed; nonetheless, the measured results provided corresponding conclusions [16]. However, it is difficult to clarify the influence and distribution of PM2.5 concentrations in the stadium using actual measurements. Therefore, in the simulations, four simulation scenarios were first established based on the actual state of the venue (Table 2). The audience was mainly concentrated in the south and north stand areas, which was known as the audience area in the simulation. The west stand was mainly occupied by media reporters, staff, and referees, which was called the referee area in the simulation. The east stand was mainly used by the layout equipment and some staff, and this area is called the temporary area in the simulation.



Scenarios 1 and 2 correspond to the curling venue status from 2019 to 2020, whereas Scenarios 3 and 4 correspond to the curling venue status from 2021 to 2022. The outdoor air quality index (AQI) and outdoor PM2.5 concentration values were obtained from the measured data. The air supply method at the end of air conditioning in the competition area adopted air supplies from ground displacement and a small-hole jet cloth bag duct. The airtightness of the venue was set based on the current situation. Since 2020, further improvements have been made regarding the air conditioning system and indoor airtightness of the curling venue, such as sealing the pores at the top of the competition hall and the north and south walls and sealing the pores connecting the corridors. Therefore, the airtightness of the venue from 2021 to 2022 was better than that from 2019 to 2020.




2.3. Air Quality Standards


According to the World Health Organization Air Quality Guidelines [42], China’s Ambient Air Quality Standards (GB3095. 2012) [43], and Design Standards for Indoor Air Quality Control of Public Buildings (JGJ/T461. 2019) [44], the limit requirements for PM2.5 concentration in China are lower than those specified by the World Health Organization. Because the curling venue investigated in this study was the Winter Olympic competition venue, the 24 h average concentration limit of 25 μg/m3 specified by the World Health Organization was adopted.





3. Data Analysis


3.1. Analysis of Simulation Results for the Four Scenarios


The simulation results for Scenarios 1 and 2 are presented in Figure 3 and Figure 4, respectively. In Scenario 1, the outdoor air quality was good (the PM2.5 concentration was approximately 40 μg/m3), whereas the indoor PM2.5 concentration was generally low. In Scenario 2, the indoor PM2.5 concentration increased significantly. Compared to Scenario 1, the outdoor air quality deteriorated, with the AQI increasing from 66 to 181, and the outdoor PM2.5 particle concentration increasing from 50 to 140 μg/m3 (Table 2). Although the average concentration in the competition area was approximately 12 μg/m3, which satisfied standard requirements, the PM2.5 concentration in the audience area increased significantly, and the average concentration was approximately 65 μg/m3, which exceeded the standard limit. This is because the decrease in outdoor air quality results in an increase in the amount of particulate matter entering through the seat fresh air, and the competition area is less affected by variations in the outdoor PM2.5 concentration, owing to the low amount of fresh air. In Scenario 2, the PM2.5 concentration in the central corridor of the audience area and the upper part of the east and west sides of the audience seats were relatively high (approximately 40 μg/m3). This is because the middle corridor is prone to forming air vortices, which can lead to the accumulation of PM2.5. The east and west sides of the audience area were close to the return air vents, and the wind speed was high, which could easily cause an increase in the PM2.5 concentration.



The simulation results for Scenarios 3 and 4 are presented in Figure 5 and Figure 6. The outdoor air quality deteriorated, with the AQI increasing from 30 to 171, and the outdoor PM2.5 concentration increasing from 4 to 94 μg/m3. The indoor PM2.5 concentration increased significantly, but the average concentration was approximately 10 μg/m3. None exceeded the standard limits, particularly the PM2.5 concentration in the audience area, which was effectively controlled.



Compared with Scenario 2, Scenario 4 also has poor air quality; however, the PM2.5 concentrations in the venues decreased from 8–86 to 1–14 μg/m3. Among them, the improvement was more significant in the spectator area, where the highest PM2.5 concentration decreased from 86 to approximately 10 μg/m3.




3.2. Simulation Accuracy Verification


Because the setting parameters for the four scenarios were derived from actual venues and corresponding measured data exist, the simulation data were validated. In this study, two methods were used to verify the accuracy of the simulation results through an error analysis of the simulated and measured data. Three indicators were selected for error evaluation: mean absolute error (MAE), mean absolute percentage error (MAPE), and root mean square error (RMSE). The MAE is the average of the absolute errors between the simulated and measured data and is used to evaluate the magnitude of the absolute error in simulation experiments. The MAPE is the average value of the percentage error between the simulated and measured data and is used to evaluate the magnitude of the percentage error in simulated experiments. The RMSE is an indicator of the consistency between the trend of the simulated and measured data and is used to evaluate whether the trend of the simulated experiments is consistent with the measured data. The equations are expressed as follows:



MAE:


  MAE =  1 P    ∑   i = 1  p     x i    −    y i     



(5)






  MAE =  1 P    ∑   i = 1  p     x i    −    y i     



(6)







MAPE:


  MAPE =  1 P    ∑   i = 1  p       x i    −    y i         x i    |   × 100 %  



(7)







RMSE:


  RMSE =    1 P    ∑   i = 1  p     x i    −    y i       2 ∗   



(8)




where xi is the onsite measurement value, yi is the simulation result, and p is the number of sampling points. The lower the MAE, MAPE, and RMSE values, the smaller the error. If MAE and RMSE exceed half of the standard deviation (SD) of the measured data and MAPE is lower than 25%, the simulated data are in good agreement with the measured data [45,46].



Four error evaluation indicators were calculated for two scenarios (Table 3).



(1) Scenarios 1 and 2 were compared with the measured data, and the MAE between the simulated and measured data for the PM2.5 concentration was 4.4 μg/m3. Both the MAE and RMSE were lower than SD/2, and the MAPE values were lower than 25%, indicating a high degree of consistency between the simulated and measured data. The simulated and measured values of the PM2.5 concentration at each collection point in Scenarios 1 and 2 showed consistent trends (Figure 7a).



(2) Scenarios 3 and 4 were compared with the measured data, and the simulated data for various indicators of the PM2.5 concentration were consistent with the measured data. Both the MAE and RMSE values were lower than SD/2, and the MAPE values were lower than 25%. The simulated and measured values of the PM2.5 concentration at each collection point in Scenarios 3 and 4 showed consistent trends (Figure 7b).



The MAE, MAPE, and RMSE values of the PM2.5 concentration simulation data and measured data satisfied the error requirements, and the data were consistent. The existing models can satisfactorily reflect the actual conditions, providing support for further detailed research.





4. Results and Discussion


Exist in indoor PM2.5 particle concentrations between different scenarios, mainly owing to the outdoor weather conditions, airtightness of the venue, and air supply mode at the end of the air conditioner. In this section, the variables are controlled to analyse the variation characteristics of PM2.5 particle concentrations in venues.



4.1. Influence of Outdoor Weather Conditions


Based on the simulation results in Figure 3, Figure 4 and Figure 5 and the preliminary research literature [16], the outdoor PM2.5 concentration significantly influences the concentration of PM2.5 particles in the stadium. Although the fresh air system somewhat filters the air entering the stadium, the outdoor air easily enters the stadium through various gaps and entrances, thereby affecting the indoor air quality. The outdoor PM2.5 concentration was uniformly valued between 30 and 150 μg/m3 (30, 50, 70, 90, 110, 130, and 150 μg/m3) based on the actual measured situation during simulation to clarify the influence of outdoor PM2.5 concentration on indoor PM2.5 concentration. Variations in the indoor PM2.5 concentration under different values were observed. The values for the fresh air system of the venue were based on the air conditioning system parameters specified by the ASHRAE Handbook of the United States (2019) [47].



Figure 8 shows the average PM2.5 concentration in each venue area under different outdoor air conditions. As the outdoor PM2.5 concentration increased, the indoor PM2.5 concentration showed a gradual upward trend. For every 20 μg/m3 increase in outdoor PM2.5 concentration, the indoor PM2.5 concentration increased by approximately 6 μg/m3. When the outdoor PM2.5 concentration reached 90 μg/m3, the average indoor PM2.5 concentration in the main area of the venue began to exceed the specified value. When the outdoor PM2.5 concentration was 150 μg/m3, the indoor PM2.5 concentration was 5.5 times that of the outdoor PM2.5 concentration at 30 μg/m3.



Table 4 lists the distribution values of the PM2.5 concentration in the stadium when the outdoor PM2.5 concentrations were 30, 70, and 110 μg/m3, respectively. The areas with higher PM2.5 concentrations were concentrated in the competition area, east and west sides of the spectator area, and areas with high concentrations of air supply under the seats. The PM2.5 concentration was lower in the corridor and evacuation gate areas. In the referee and temporary areas, PM2.5 was mainly concentrated on the side of the area. Table 4 also presents the overall increases in the outdoor and indoor PM2.5 concentration. The spatial distribution characteristics remained basically unchanged.




4.2. Influence of Venue Airtightness


Previous analyses have shown that indoor PM2.5 concentration is significantly influenced by outdoor PM2.5 concentration. Therefore, it is of concern whether outdoor particles enter the indoor environment via wind infiltration through door and window openings. According to actual investigations and the literature [48,49,50,51,52,53], locations may exist in the curling venue where permeable wind acts, such as the top pores of the competition hall and the north and south walls, the pores connecting the corridor, entrances and exits for various spectators in the venue, the curtain wall holes on the east side of the venue, and the gate leading to the underground garage. The locations where infiltration winds may act in the model were identified. Manz et al. [45] recommends that the number of air changes per hour of infiltration wind should be used as the basis for measuring the infiltration air volume in buildings. Based on engineering measurements, the ventilation frequency of the infiltration air was set to 0.15–0.75 times/h. In the simulation, the actual values were 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, and 0.75 times/h. An outdoor PM2.5 concentration of 90 μg/m3 was adopted under simulated working conditions. After the outdoor air was treated by the fresh air system, the fresh air speed in the competition and audience areas was 0.3 m/s.



Figure 9 shows the average indoor PM2.5 concentrations in the venue at different infiltration air exchange rates. As the number of infiltration ventilations increased, the PM2.5 concentration in each region increased. However, the increase in the PM2.5 concentration varied among different regions, with the temporary area on the eastern side being the most affected. Compared with 0.15 air changes per hour, the temporary area with 0.75 air changes per hour increased the PM2.5 concentrations by 55 times, whereas the competition and referee areas increased the PM2.5 concentrations by 2.0–2.8 times. The audience area experienced the least significant impact, with an increase of only 21%.



The PM2.5 distributions of the y = 35 m and x = 30 m cross sections are presented to reveal the variation in the PM2.5 concentration in the eastern temporary zone (Table 5). When the infiltration air exchange rate was 0.15 times/h, the PM2.5 concentration in the referee area closer to the entrance and exit of the venue was higher. The ventilation frequency of the infiltration air increased from 0.15 to 0.45 times/h, and the PM2.5 concentration in the competition and temporary areas on the eastern side increased significantly. However, no significant variation in the PM2.5 concentration occurred in the audience area. The ventilation frequency of the infiltration air increased from 0.45 to 0.75 times/h. As the infiltration air volume increased, the wind speed of the infiltration air increased, and the infiltration air entered the room through the pores of the curtain wall. The PM2.5 concentrations in the temporary area on the eastern side, which was closer to the curtain wall, increased significantly.




4.3. Influence of Air Supply Methods in the Competition Area


The simulation results presented in Figure 3, Figure 4 and Figure 5 show that different air supply methods at the end of the air conditioning system in the competition area can affect PM2.5 concentration distribution. The ground air supply mode [38] and cloth bag duct air supply mode [39,40,41] have been introduced in Ref. [16]. The other HVAC parameters were kept unchanged in the simulations to compare the effects of the two air supply modes on the indoor air environment, and the air supply mode was used as the only control variable. Among the variables, the wind speeds at the outlet of the ground air supply mode, outlet of the cloth bag duct air supply mode, and competition area were 0.3, 10, and 0.2 m/s, respectively, based on the measured value. Figure 10 shows the distribution of the PM2.5 concentration in each area of the room for the two air supply modes. The PM2.5 concentration in the competition area significantly decreased from 30.7 to 19.7 μg/m3 when the air supply mode was switched from ground air supply to cloth bag duct air supply. However, the average PM2.5 concentration in the eastern temporary area increased from 20 μg/m3 to an average of 34 μg/m3. This is because the installation location of the cloth bag duct air supply mode mainly faced the competition area, which minimally influenced the eastern temporary area. Moreover, the overall wind speed in the eastern temporary area was low, particles gathered easily, and the PM2.5 concentration was high. However, because the temporary area on the eastern side was primarily used as the equipment area, the air quality there was not as critical as that in the competition area. Therefore, the cloth bag duct air supply mode can significantly improve PM2.5 concentrations in the competition area.



In 2022, the cloth bag duct air supply system was adjusted accordingly to improve the humidity in the competition area. The air outlet was changed from a small double-row hole with a diameter of 1 cm to a single-row hole with a diameter of 10 cm. The number of holes in a single air duct was approximately 200, and the holes could be opened and closed flexibly using zippers. The air outlet was oriented 45° diagonally. The venue was in the sixth and seventh rows of audience seats in the southwest and northeast corners of the audience area. A return air outlet was added for the fresh air return of the cloth bag air duct, and a backup return air outlet was set under the cloth bag air duct, as shown in Figure 11. After replacing the cloth bag air duct, the fresh air volume increased as the air hole of the cloth bag air duct opened. A jet of fresh air from the cloth bag air duct shot diagonally and crossed the ice rink fence, directly reaching the competition area. After adding a return air outlet to the audience area, it was easier for fresh air from the cloth bag air duct to reach a height of 2–4 m above the competition area. This was beneficial to controlling the humidity of the competition area on a larger scale and preventing condensation on the ice surface. The PM2.5 concentration in the stadium after the renovation of the cloth bag air duct was extremely low. The average PM2.5 concentration in the competition area was approximately 1.3 μg/m3, and the average PM2.5 concentration in the audience area was 0.6 μg/m3, which was 93% lower than that before renovation.





5. Conclusions


Based on a preliminary experimental investigation of the National Aquatics Center Curling Gymnasium, CFD simulation technology was used in this study to simulate and analyse indoor PM2.5 concentration. In addition, the effects of the outdoor weather conditions, building airtightness, and air conditioning terminal supply methods on the distribution of indoor PM2.5 concentrations were analysed. The conclusions of this study are as follows:




	(1)

	
The outdoor PM2.5 concentration significantly influenced the indoor PM2.5 concentration. When the outdoor PM2.5 concentration increased by 20 μg/m3, the indoor PM2.5 concentration increased by 6 μg/m3 on average. When the outdoor PM2.5 concentration reached 90 μg/m3, the indoor PM2.5 concentration exceeded the limit value of 25 μg/m3.




	(2)

	
For ice sports venues with almost no natural ventilation, fresh air systems are key to ensuring indoor air quality.




	(3)

	
When the airtightness of the venue was good, that is, the infiltration and ventilation frequency was 0.15 times/hour, the outdoor air quality had no significant impact on the average indoor PM2.5 concentration. With an increase in the infiltration air exchange time, the PM2.5 concentration in all the regions increased. The temporary area on the eastern side was the most affected area. Compared with a ventilation rate of 0.15 times/h, the PM2.5 concentration in the competition area at a ventilation rate of 0.75 times/h increased by 55 times, whereas that in the audience area had the least influence, only increasing by 21%.




	(4)

	
The air supply system at the end of the air conditioner in the competition area adopted the cloth bag duct air supply mode. Compared with the ground air supply mode, the fresh air from the air conditioner could directly reach the area near the ice surface, and the air supply volume could be appropriately increased, decreasing the PM2.5 concentration in the competition area by 93%.




	(5)

	
Measures for improving the air quality of curling venues are as follows.









① During the site planning process, areas with abundant greenery and good surrounding air environments should be selected as project sites as far as possible to minimise the possibility of excessive indoor particulate matter concentration.



② From the architectural design perspective, the direct outdoor door and window openings should be reduced, a door curtain should be set up at the frequently used entrance and exit, and a curtain wall structure with strong airtightness should be used.



③ From the perspective of daily management, strengthening the airtightness of the venue, closing entrances and exits, and organising the audience and staff in a unified manner can reduce the impact of outdoor air.
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Figure 1. National Aquatics Center (Ice Cube) curling venue. 
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Figure 2. Venue model and simulation interface diagram: (a) venue model; (b) the location of simulated data collection points; (c) Y = 35 m cross section; (d) the section of 1.5 m away from the ground in audience and competition area. 
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Figure 3. Scene 1 indoor PM2.5 concentration distribution: (a) distribution of PM2.5 concentration in Y = 35 m cross section; (b) PM2.5 concentration distribution at a cross section 1.5 m above ground level. 
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Figure 4. Scene 2 indoor PM2.5 concentration distribution: (a) distribution of PM2.5 concentration in Y = 35 m cross section; (b) PM2.5 concentration distribution at a cross section 1.5 m above ground level. 
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Figure 5. Scene 3 indoor PM2.5 concentration distribution: (a) distribution of PM2.5 concentration in Y = 35 m cross section; (b) PM2.5 concentration distribution at a cross section 1.5 m above ground level. 
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Figure 6. Scene 4 indoor PM2.5 concentration distribution: (a) distribution of PM2.5 concentration in Y = 35 m cross section; (b) PM2.5 concentration distribution at a cross section 1.5 m above ground level. 
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Figure 7. Comparison of measured data and simulated data at different collection points in different scenes: (a) comparison between simulated and measured values in Scene 1 and Scene 2; (b) comparison between simulated and measured values in Scene 3 and Scene 4. 
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Figure 8. Changes in average PM2.5 concentration in different indoor areas with different outdoor air quality. 
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Figure 9. Changes in the average PM2.5 concentration in various indoor areas with different air changes. 
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Figure 10. Distribution of PM2.5 concentration in different indoor areas under two kinds of air supply methods: (a) PM2.5 concentration distribution in ground air supply mode; (b) PM2.5 concentration distribution in the cloth bag duct air supply mode. 
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Figure 11. Air outlet of bag air duct. 
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Table 1. Main boundary conditions and boundary parameter settings.
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Name

	
Boundary Type

	
Model Location

	
Parameter Settings






	
audience area

	
Temperature

	
at a height of 1.5 m from the ground

	
16 °C




	
Relative humidity

	
20%




	
Air velocity

	
0.1 m/s




	
competition area

	
Temperature

	
at a height of 1.5 m from the ground

	
10 °C




	
Relative humidity

	
23%




	
Air velocity

	
0.03 m/s




	
Ice surface

	
Heat exchange wall surface

	
Ice surface

	
The temperature is −8 °C.




	
Air supply port at the end of air conditioning in the competition area

	
Speed air inlet

	
The north and south sides of the ice surface

	
The dehumidification unit has a fresh air humidity of 1 g/kg, a temperature of 8 °C, and a fresh air volume of 2000 m3/H.




	
Venue air-returning outlet

	
Speed air inlet

	
The north and south sides of the ice surface

	
The wind speed of the air supply outlet at the end of the air conditioner is 0.5 m/s




	
Seat air outlet

	
Speed air inlet

	
Seat bottom

	
The fresh air temperature for seat supply is 20 °C, the wind speed is 0.3 m/s, and the moisture content is 5 g/kg




	
Human respiration

	
Speed air inlet

	
0.75 m from the ground

	
Calculated based on the average adult exhaling 480 mL of air per second, with a moisture content of 20 g/kg, CO2 concentration of 44,000 PPM, and a temperature of approximately 30 °C, the audience will calculate based on the number of seats according to different situations











 





Table 2. Scenario settings.
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	Name
	Outdoor AQI
	Outdoor PM2.5 Concentration (μg/m3)
	Air Supply Method at the End of the Air Conditioning System in the Competition Area
	Venue Airtightness





	Scenario 1
	66
	50
	Ground air supply mode [38]
	Poor



	Scenario 2
	181
	140
	Ground air supply mode
	Poor



	Scenario 3
	30
	4
	Cloth bag duct air supply mode [39,40,41]
	Good



	Scenario 4
	171
	94
	Cloth bag duct air supply mode
	Good










 





Table 3. Comparison of errors between on-site measured data and simulated data.
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PM2.5 Concentration




	
Scene 1

	
Scene 2

	
Scene 3

	
Scene 4






	
MAE

	
3

	
5.8

	
0.01

	
1.8




	
MAPE

	
23.10%

	
24.90%

	
0.30%

	
24.10%




	
RMSE

	
3.1

	
7.2

	
0.02

	
2




	
SD/2

	
3.5

	
13

	
0.01

	
2











 





Table 4. The distribution of indoor PM2.5 concentration varies with different outdoor PM2.5 concentrations.






Table 4. The distribution of indoor PM2.5 concentration varies with different outdoor PM2.5 concentrations.





	Outdoor PM2.5 Concentrations
	Y = 35 m Cross Section
	The Section 1.5 m Away from the Ground





	30 μg/m3
	[image: Applsci 14 03446 i001]
	[image: Applsci 14 03446 i002]



	70 μg/m3
	[image: Applsci 14 03446 i003]
	[image: Applsci 14 03446 i004]



	110 μg/m3
	[image: Applsci 14 03446 i005]
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Table 5. The distribution of indoor PM2.5 concentration varies with different air changes.
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	Air Changes
	Y = 35 m Cross Section
	X = 30 m Cross Section





	0.15 times/h
	[image: Applsci 14 03446 i007]
	[image: Applsci 14 03446 i008]



	0.45 times/h
	[image: Applsci 14 03446 i009]
	[image: Applsci 14 03446 i010]



	0.75 times/h
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