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Abstract

:

Prevention of PM2.5 is attracting increasing attention all over the world as PM2.5 can cause and exacerbate respiratory diseases. Compared with conventional natural ventilation and mechanical ventilation, air purifiers with particular filters are more efficient in the control of indoor PM2.5. Currently, there are limited studies on the operations of portable indoor air purifiers. To improve the efficiency of an air purifier in control of PM2.5, an optimal operational strategy is needed. This paper proposes a framework for the optimization of operations of air purifiers for control of indoor PM2.5 based on building information modeling (BIM) and computational fluid dynamics (CFD). A case study is conducted to validate the proposed optimization framework and the results are discussed. It can be shown from the results that the best location of the air purifier can increase efficiency by up to 33% compared with other locations.
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1. Introduction


The effects and prevention of particulate matter with a diameter less than 2.5    μ m    (PM2.5) are attracting increasing attention all over the world. Being major sources of PM2.5, urbanization [1] and the increasing number of vehicles [2] greatly exacerbate the severity of PM2.5, which is a serious threat to human physical health. Several pieces of research have shown that long-term exposure to PM2.5 can lead to respiratory diseases and increase the death rates [3,4,5]. Adgate et al. [6] illustrated that people living in areas with high traffic are more likely to have asthma-related diseases than those who live in areas with low traffic due to the concentration of PM2.5. Besides human physical health, PM2.5 can also negatively affect human subjective well-being [7].



Research on indoor PM2.5 is of vital importance, considering the fact that people spend more than 80% of the time in the indoor environment in general [8]. The indoor locations where people spend the most time include homes and workplaces [9]. Researchers have shown that the penetration of outdoor particles into the indoor environment [10,11,12] and the outdoor-to-indoor ventilation [13,14] can significantly affect the concentration of indoor PM2.5. In addition, there are also several indoor activities that can be sources for indoor PM2.5, such as cooking, cleaning, and smoking [14,15], leading to the fact that the concentration of indoor PM2.5 can be higher than that of outdoor PM2.5 [16]. Exposure to a high concentration of indoor PM2.5 is associated with various negative effects, including allergies, and respiratory and cardiovascular diseases [16,17,18]. It has been shown that indoor pollutants, including indoor PM2.5, are important factors that lead to the increasing number of people with asthma and rhinitis [19,20]. Therefore, efficient techniques are required for the prevention and control of indoor PM2.5.



Commonly used methods for control of indoor air quality (IAQ) include natural ventilation and mechanical ventilation. Natural ventilation, which can a provide sufficient air change rate for the indoor environment, has the potential to reduce the concentration of indoor PM2.5 [21,22], especially when the concentration of indoor PM2.5 is much higher than outdoor (e.g., cooking or cleaning is on-going indoors). During the time when natural ventilation is insufficient, mechanical ventilation can aid in the control of indoor PM2.5 by increasing the indoor air change rate [23,24]. However, when the concentration of outdoor PM2.5 is high, the efficiency of merely using ventilation to control indoor PM2.5 would be much lower [25,26]. Although some building ventilation systems are equipped with filters to remove particles during outdoor-to-indoor ventilation and recirculation of indoor air, the efficiency of these ventilation systems in controlling IAQ is still limited [27,28].



A more efficient approach is to use portable indoor air purifiers for control of indoor PM2.5. Portable indoor air purifiers have been widely used to improve the IAQ [29,30]. Facilitated by different filters, indoor air purifiers can efficiently remove particles in the process of recirculation of indoor air [31]. Compared with normal mechanical ventilation systems, indoor air purifiers can be more efficient in the control of indoor PM2.5, due to more efficient filters. Currently, indoor air purification mainly includes filtration [32], electrostatic [33], photocatalytic [34], and negative ion purification [35]. For example, filters based on TiO2 photocatalysts have been proven to be efficient and widely implemented in the removal of different indoor air pollutants including PM2.5 [36]. Some studies have been conducted to analyze the efficiency and impacting factors of air purifiers in control of indoor PM2.5 [29,37]. However, there are limited studies on the operations of portable indoor air purifiers. For designers and residents, understanding the air distribution characteristics of their own living spaces is conducive to making good use of spaces with better air quality. To improve the efficiency of an air purifier in control of PM2.5, an optimal operational strategy is needed.



Therefore, this paper aims to propose an efficient approach to optimizing operations of indoor air purifiers for control of PM2.5 based on a computational fluid dynamics (CFD) simulation. On the basis of building information obtained from BIM, meshes for the target rooms can be generated in CFD software. By comparing the simulation results with site measurements, the most suitable turbulence model can be found among the four commonly used models, which are K-epsilon (KE) [38], Re-Normalisation Group (RNG) [39], Shear Stress Transport (SST) [40], and Eddy Viscosity [41]. With accurate meshes and the most suitable turbulence model, the air flow for the target room can be simulated so that the best position for air purifiers can be obtained to enable more efficient purification.



The major contribution of this paper is the CFD-based optimization framework for the operations of air purifiers, in which different turbulence models are validated and the best position for placing an air purifier can be obtained through iterative simulation. Section 2 shows the optimization framework and describes the detailed methodology. Section 3 conducts a case study to demonstrate and validate the proposed optimization framework, and the results are shown and discussed in Section 4. The Conclusions summarize the highlights and limitations of this research.




2. Methodology


The proposed framework for operation optimization of air purifiers is shown in Figure 1. First, a BIM model for the target room needs to be built, which will serve as the geometric model for CFD simulations. A BIM model of the air purifiers with necessary properties (shape, dimensions, positions of air inlet and outlet, ventilation efficiency, etc.) also needs to be generated based on the product manual. Then the BIM models of the target room and air purifier are transferred into the CFD platform to conduct the simulation. A preliminary study (baseline simulation) for determining the most accurate CFD simulation model needs to be conducted. Specifically, the ground-truth of the air pollutant concentrations is measured to validate the baseline simulation. Four commonly used simulation models, namely K-epsilon (KE), Re-Normalisation Group (RNG), Shear Stress Transport (SST), and Eddy Viscosity are studied in this paper. In order to represent the distribution of the air pollutants, many benchmark points that are evenly distributed in the floor plan are used. The values of the ground-truth and simulation results at these benchmark points will be used for quantitative analysis. With the appropriate simulation model, CFD simulations are conducted for different scenarios to determine the best position for placing the air purifier. As the decrease in the concentration of PM2.5 tends to be stable within a certain time, an appropriate duration for the simulation can better reflect the efficiency of each scenario. To align the time of the simulation with the time in the real case, the obtained results from the on-site measurements are used to determine the total duration and key time points for simulations. After obtaining the result data for simulations, ANOVA and Post-hoc tests are used to conduct the statistical analysis. The details of the methodology are described in the following sections.



2.1. Theory


The K-epsilon turbulence model [38] is the most common model used in CFD for turbulent flow conditions. It focuses on the mechanisms that affect the energy of turbulent kinetics; Equations (1) and (2) show the mechanism of the turbulent kinetic energy k. Similarly, the RNG model was developed based on Re-Normalization Group (RNG) methods [39] to account for the effect of smaller scales of motion, and Equations (3) and (4) represent the mechanism of the turbulent kinetic energy in an RNG model. In addition, the Shear Stress Transport turbulence model (SST) [40], a more complicated model that combines K-omega turbulence and K-epsilon, could improve the predictions of adverse pressure gradients. It is also a commonly used simulation model, as shown in Equations (5) and (6). Eddy Viscosity [41], as shown in Equation (7), is adopted as well. In this study, these four models are investigated and compared so as to find a proper simulation model for air purification problems. In addition, in order to save computational power, K-epsilon models with different resolutions are also compared.


    ∂   ρ k     ∂ t   +   ∂   ρ k  u i      ∂  x i    =  ∂  ∂  x j         μ t     σ k      ∂ k   ∂  x j      + 2  μ t   E  i j    E  i j   − ρ ε  
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  −    v i ′   v j ′   ¯  =  v t      ∂    v i   ¯    ∂  x i    +   ∂    v j   ¯    ∂  x i      −  2 3  k  δ  i j    



(7)




where    u i    represents the velocity component in the corresponding direction,    E  i j     refers to the component of the rate of deformation,    μ t    is the eddy viscosity, and    μ t  = ρ  C μ     k 2   ε   .    C  2 ε  *  =  C  2 ε   +    C μ   η 3    1 − η /  η 0      1 + β  η 3      ,   η =   S k  ε    ,   and   S =     2  S  i j    S  i j       1 / 2    . Sij is the mean rate of the strain tensor, vt is the turbulence eddy viscosity, and    δ  i j     is the Kronecker delta. The other parameters are constant.




2.2. CFD Simulation Setup


The BIM model of the room is built to provide the geometry as well as the material information for the CFD simulation. Based on the provided materials, the properties of the geometric model in the CFD simulation were set accordingly. To begin with, an initial value of the air pollutant evenly distributed across the whole floor plan was set. The air purifier was set to be the only air exchange module. In this case, the air pollutant concentrations at different locations and different timestamps could be obtained, and then the average and standard deviation could be compared accordingly. This paper does not consider the vertical stratification of air layers, which usually occurs in a space with a large temperature difference. For a room with an air purifier, turbulence is often the main influence and consideration factor.




2.3. Determination of the Simulation Model


Due to the variety of floor plans, different simulation models may apply to specific types of simulation chambers. In order to make the methodology a generic one, the selection of the simulation model is an important part of this framework. In addition to RNG and SST models, four resolution levels of K-epsilon models: K-epsilon base, K-epsilon higher, K-epsilon highest, and Low Re K-epsilon were also picked to be in the decision pool. The best-fit simulation model was picked by comparing the simulation result and the real site measurement through a baseline simulation for each model. The mathematical representation for determining the best turbulence model is shown in Equation (8).


  d =     ∑  i n      ∑  j m      S i m u l a t i o  n  i j   − T r u t  h  i j      2       



(8)




where d indicates the discrepancy between the results of a simulation model and the site measurement, i refers to each time point, n is the total number of key time points, j refers to the observation point, and m is the total number of observations. Simulation represents simulated PM2.5 concentration at the specific point, while Truth is the corresponding ground-truth value. After calculating the discrepancy d for each simulation model, the one with the minimum d is selected as the best simulation model.




2.4. Optimization of the Position of Air Purifier


In order to determine the best location for installing the air purifier, the floor plan was divided into different small zooms using meshes; each mesh represents a possible position of the air purifier, and iterative simulations of the pollution distribution with the air purifier in each mesh were conducted. The results of the simulated pollution distribution were then compared with each other, and the one provided the best purification result was selected to be the best location.



The approach for obtaining the best position is generic and could be easily applied in similar studies. For example, the accuracy could be improved as needed by modifying the number of mesh grids. In this study, there were a total of 9 mesh grids, corresponding to 9 potential positions for installing the air purifiers. In order to compare the results of air pollutants’ distribution, a bunch of evenly distributed sampling points were selected as the benchmarks.





3. Case Study


3.1. The Experimental Environment


A common residential apartment in the northern part of China is selected for applying and validating the proposed framework. The geometry and dimensions of the selected apartment are shown in Figure 2. This kind of one-bedroom unit is very common in large cities such as Beijing and Shanghai. The total area of this apartment is 32 m2, which is suitable for a commonly used indoor portable air purifier with a maximum working area of 50 m2. The proposed methodology is a generic approach, which is not limited to this target apartment but also can be applied to other types of room. This study only considers indoor ventilation. The windows and doors of the tested apartment are tightly sealed to prevent indoor and outdoor air exchange. As a result, the local climatic conditions and the effects of windows and doors are not considered in this study.




3.2. Description of the Air Purifier


Xiaomi Air Purifier Pro, which is suitable for 21–37 m2 of indoor area, was selected in this study. The maximum ventilation rate of this air purifier is 500 m3 per hour. The direction of the air outlet is vertically upward at the top of the air purifier, while the direction of the air inlet is horizontally inward at the lower part of the air purifier. Detailed properties of the air purifier are shown in Figure 3. BIM models of the tested apartment and the air purifier were generated using Autodesk Revit.



As described in the methodology, a mesh needs to be generated in the target environment, in which each grid will represent a potential location for the air purifier. In this case, the target apartment is separated into nine mesh grids, indicating nine potential locations for the air purifier, as shown in Figure 4a. CFD simulations will be conducted for each of the nine locations iteratively. Additionally, 13 observation points with a height of 1.3 m are also set to compare the four simulation models and validate the final results quantitatively, as shown in Figure 4b. In this case study, the total duration for conducting the simulation is set to 1800 s, and 300 s, 600 s, and 1200 s are chosen as the other three time points.




3.3. Computational Fluid Dynamic (CFD) Simulation


Autodesk CFD package was used for the CFD simulation of this study. The BIM model of the apartment and the air purifier was transferred into Autodesk CFD, as shown in Figure 5a. The computational domain was discretized into a fine mesh with more than 250,000 triangular grids, and the mesh is finer close to the model of air purifier, as shown in Figure 5b. The mesh can be composed of either triangular grids or orthogonal grids. Orthogonal grids are usually utilized to represent rooms with simple geometry, while triangular grids can be used to form complex spatial shapes. This paper proposes a generic approach, which aims to target a different simulation environment. Considering the complexity of building layout and its influence on distribution of air pollutants, the triangular grids are preferred in this framework so that more types of rooms can be simulated. This study also tests meshes with different number of grids to determine reasonable mesh size. It is found that the total number of grids has limited influence on the simulation results. For example, when we increase the number of grids by 30%, the discrepancy between the results before and after the increase is around 5%. According to the testing results, 250,000 is a reasonable number in this case to keep a balance between simulation results and efficiency. Table 1 shows the boundary conditions of the computational domain. The top surface of the air purifier is defined as the outlet of the airflow while the surrounding four surfaces are set to be the airflow inlet. There are a total of four inlet surfaces, with each providing an airflow rate of 125    m 3  / h  . The total airflow rate at the outlet surface is 500    m 3  / h  . The simulation model in this case study was set to be incompressible. To simulate the initial concentration of the air pollution, an on-site test was conducted by creating a real smoking environment, from which the 240    μ g  /  m 3    was used to be the initial concentration of the air pollution. In the setting, the particle was set to be PM2.5 to represent a typical type of indoor air pollutant.




3.4. Validation and Selection of the Simulation Models


Before simulating the nine scenarios for the nine potential locations, the simulation model should be determined first. As described in the Section 2, the simulation needs to be conducted with each of the proposed simulation models in Section 2.3, and the results are compared with the on-site measurements. The simulation model with the closest result to the site measurement was selected. For the validation, the air purifier can be placed at any location in the apartment, and the air purifier was placed near the center point of the apartment in this study. The initial concentration of PM2.5 was 240    μ g  /  m 3    and the total duration for simulation was 1800 s. For the on-site measurements, lighted cigarettes were evenly distributed in the tested apartment to increase the concentration of PM2.5. When the concentration of PM2.5 in the apartment reached 240    μ g  /  m 3   , the cigarettes were extinguished simultaneously and the air purifier was turned on with the operation status described in Section 3.3. Hand-held PM2.5 detectors were used to record the concentration of PM2.5 for each of the 13 observation points at four time-points (300 s, 600, 1200 s, 1800 s). The results of the simulation with the seven models are shown in Table 2.



Part of the site measurements and results obtained by CFD simulation are shown in Table 3. The concentration of PM2.5 for each of the 13 observation points at the four time-points is used to calculate the degree of discrepancy. After calculating the discrepancy between site measurements and simulation results obtained by different models using Equation (8), the KE-higher model was found to have the minimum discrepancy from the ground-truth and thus selected for simulation. Then, simulations using the KE-higher model were conducted iteratively for the nine scenarios with the corresponding potential locations.





4. Results and Discussion


After the iterative simulations of the nine cases, the average concentration of all observation points for the nine cases are shown in Table 4. Figure 6 contains the average value and standard deviations of the concentration of PM2.5 for the nine scenarios at the time of 1800 s. ANOVA was used for the analysis of the simulation data. The p-value from repeated measure ANOVA was computed, which was less than 0.05 for all pairs of the cases, indicating that there are significant differences between the nine cases.



It can be seen from Figure 6 that case 4 achieved the lowest average air pollution concentration of 78.6    μ g  /  m 3    at the end of the experiment, while case 9 ends up with the highest air pollution concentration of 118.7    μ g  /  m 3   , indicating that the concentration of PM2.5 decreased most in the simulation of case 4. The overall decrease of concentration of PM2.5 in case 4 was 33% higher compared with case 9, meaning that the best location of the air purifier can increase the efficiency by up to 33% compared with other locations. Figure 7 plots the concentration of the air pollution concentration along with the time for all cases within 30 min. It can be shown that the overall performance of case 4 was outstanding over other cases during the entire period.



Therefore, the air purifier position in case 4 was identified to have the best air purification performance. The convergence curve for the simulation of case 4 is shown in Figure 8. One possible reason is that the air purifier position in case 4 is at the center of the floor plan; it is located in the main area of the floor plan, thus it could induce the airflow in the main area in an efficient way. In addition, it is also close to the side hall, which could also affect the airflow pattern within the side hall region, which allows it to produce the air turbulence in a more efficient and reasonable way. Therefore, the air purifier in case 4 could achieve efficient air purification for the main area without neglecting the side hall.



Quantitative results of case 4 are shown in Table 5. Figure 9 shows the simulation results at four time stamps (300 s, 600 s, 1200 s, 1800 s) of case 4. It can be seen that the area near the air purification has relatively lower PM2.5 concentration and the distribution of the PM2.5 concentration gradually becomes uniform as time goes on, and the PM2.5 distribution across the whole room evenly becomes uniform.



In contrast, the air purifier in case 9 is located in a side hall of the room, which helps with the air purification of the small region while limiting its efficiency for the whole room. The result can be also seen from the detailed concentration data in each sampling point in Figure A8 in the Appendix A. For example, it can be seen that the average PM2.5 concentration values at points 12 and 13 are 85.3    μ g  /  m 3    and 58.1    μ g  /  m 3    at 30 min, which are significantly lower than other points. The possible reason for case 9 is that the air purifier induced the turbulent airflow in the surrounding area, while the side hall was isolated from the main region of the room, thus the airflow in the side hall could not induce air turbulent flow of a larger region, which reduced the flow rate of PM2.5 into the air purifier.



The rest of the cases (case 1, case 2, case 3, case 5, case 6, case 7, and case 8) achieved similar air purification effects, with the maximum difference within 10    μ g  /  m 3   . In addition, the PM2.5 distribution pattern in these cases is also similar: relatively lower in the main region while higher and more uniform in the region of the side hall. The reason is that the air purifier locations in these cases all have efficient effects on the main area of the room and thereby generated higher turbulent flow in the region. Meanwhile, they have limited capability for affecting the space inside the hall, thus high-speed air turbulence was generated there.



The results indicate that for a room with special shapes such as a side hall, the selection of the position for installing an air purifier is very important. The best location would be one that is relatively at the geometric center of the whole area while it needs to be close enough to the side regions. In addition, if the air purifier is located in a small region, it could significantly improve its local efficiency while reducing the overall efficiency across the whole room. Except for specific positions with best or worst air purification effects, the positions of the air purifier in other locations may generate similar effects. However, the above findings are only applicable to the tested air purifier with a centrosymmetric inlet and outlet. If the tested air purifier has a different inlet and outlet, the results may be different.




5. Conclusions


This study proposes a framework to optimize the location of air purifiers for control of indoor PM2.5 based on CFD. Based on the models generated from BIM, the target geometric and semantic information of the rooms are generated, which was integrated into CFD to serve as the simulation environment. Specifications of the air purifier were obtained based on a real typical product. In order to pick the appropriate simulation mode, the simulation results obtained by commonly used simulation models were compared with site measurements. Then the best location, which refers to the purifier placement with the best purification performance, could be found by conducting iterative simulations for each potential location with the selected turbulence model. The framework serves as a generic approach and the slight modifications (e.g., number of mesh grids) could be made for better accuracies to fit similar studies. In addition, a case study was conducted as an illustrative example of the proposed optimization framework. In the case study, the target apartment was empty with no people or furniture. The proposed method can simulate occupied rooms as long as the occupation can be accurately modeled. Some important findings are shown below. Although the findings and quantitative results are only applicable to the simulated apartment of this paper, the proposed optimization approach can be applied to other types of room as well.



	
A generally good way to induce an efficient air purification of the room is to place the air purifier at a centered place, while it may have a limited effect on the side halls.



	
The efficiency of the air purifier could be very high if it is located in an isolated side hall, though it could not induce an efficient airflow across the whole room, thus eliminating the overall efficiency of the air purification



	
In this case study, the best location of the air purifier can increase efficiency by up to 33% compared with other locations.






However, there are some limitations of this study. For example, in the real case, the air purifier may have different options of air inlet or outlet directions, while in this study assumptions regarding the boundary conditions of the air purifier were made. In addition, this study has not considered the effect of natural ventilation in the case that the windows are opened. Therefore, in future studies, the authors plan to incorporate different combinations of natural ventilation and air purifiers as well as different boundary conditions of the air purifiers. In future simulations, the authors will also consider situations when the rooms are occupied by furniture and people.
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Appendix A


Simulation Results of the Other Eight Scenarios


In the case study, iterative simulations were conducted with nine potential locations of the air purifier. The nine simulations had the same settings except for the location. It was noticed that case 4 had the best performance. Results of case 1, case 2, case 3, case 5, case 6, case 7, case 8, and case 9 are also provided here for readers’ reference. The simulation results are shown in Figure A1, Figure A2, Figure A3, Figure A4, Figure A5, Figure A6, Figure A7 and Figure A8, while the quantitative results are shown in Table A1, Table A2, Table A3, Table A4, Table A5, Table A6, Table A7 and Table A8.
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Figure A1. The simulation results of case 1 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 






Figure A1. The simulation results of case 1 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s.
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Table A1. Quantitative results of case 1.






Table A1. Quantitative results of case 1.





	
Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
180.1

	
156.2

	
124.8

	
85.6




	
2

	
209.9

	
182.2

	
127.4

	
78.0




	
3

	
225.1

	
170.0

	
128.0

	
90.2




	
4

	
219.3

	
190.7

	
144.6

	
105.6




	
5

	
224.9

	
183.9

	
143.1

	
87.9




	
6

	
169.1

	
195.9

	
136.1

	
94.7




	
7

	
161.0

	
180.3

	
132.9

	
110.1




	
8

	
190.1

	
183.8

	
127.2

	
110.0




	
9

	
211.4

	
173.4

	
133.2

	
101.2




	
10

	
201.1

	
198.8

	
152.0

	
107.6




	
11

	
225.4

	
201.2

	
152.0

	
99.0




	
12

	
190.2

	
170.8

	
130.9

	
106.7




	
13

	
178.9

	
167.0

	
104.1

	
107.4
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Figure A2. The simulation results of case 2 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 






Figure A2. The simulation results of case 2 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s.
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Table A2. Quantitative results of case 2.






Table A2. Quantitative results of case 2.





	
Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
220.8

	
196.7

	
146.3

	
106.2




	
2

	
208.8

	
200.0

	
139.9

	
106.1




	
3

	
214.1

	
184.8

	
133.8

	
105.3




	
4

	
217.6

	
201.8

	
145.6

	
109.1




	
5

	
234.8

	
204.9

	
141.6

	
93.9




	
6

	
204.3

	
182.2

	
135.3

	
95.2




	
7

	
213.3

	
158.4

	
109.1

	
107.9




	
8

	
230.4

	
193.2

	
105.9

	
78.3




	
9

	
228.3

	
189.7

	
116.5

	
80.6




	
10

	
209.7

	
193.8

	
137.5

	
113.3




	
11

	
233.4

	
188.6

	
113.8

	
108.3




	
12

	
177.8

	
161.5

	
100.6

	
71.1




	
13

	
219.9

	
158.2

	
94.6

	
68.5
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Figure A3. The simulation results of case 3 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 






Figure A3. The simulation results of case 3 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s.
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Table A3. Quantitative results of case 3.
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
218.8

	
172.0

	
130.0

	
98.7




	
2

	
220.6

	
154.8

	
141.4

	
96.9




	
3

	
199.9

	
191.5

	
115.1

	
109.7




	
4

	
222.9

	
191.0

	
149.7

	
106.5




	
5

	
206.0

	
162.2

	
125.9

	
104.5




	
6

	
168.0

	
190.6

	
1241

	
95.0




	
7

	
211.6

	
177.4

	
126.5

	
94.0




	
8

	
206.4

	
168.4

	
115.1

	
88.5




	
9

	
200.6

	
158.6

	
117.6

	
87.9




	
10

	
228.4

	
191.7

	
166.4

	
108.4




	
11

	
163.8

	
163.7

	
115.7

	
87.9




	
12

	
195.8

	
180.7

	
125.7

	
98.6




	
13

	
189.6

	
171.3

	
117.1

	
90.6
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Figure A4. The simulation results of case 5 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table A4. Quantitative results of case 5.
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
227.2

	
187.3

	
145.7

	
100.4




	
2

	
234.0

	
199.4

	
142.8

	
98.6




	
3

	
228.4

	
174.1

	
137.6

	
109.0




	
4

	
224.0

	
158.5

	
131.1

	
100.5




	
5

	
196.2

	
145.2

	
98.7

	
93.5




	
6

	
183.4

	
147.9

	
108.3

	
89.5




	
7

	
154.3

	
178.3

	
134.7

	
92.3




	
8

	
206.7

	
173.3

	
132.4

	
109.2




	
9

	
195.0

	
179.1

	
121.1

	
94.0




	
10

	
220.5

	
177.0

	
127.3

	
92.5




	
11

	
217.2

	
143.8

	
106.4

	
90.9




	
12

	
239.5

	
208.6

	
143.1

	
109.3




	
13

	
228.3

	
214.1

	
190.4

	
135.2
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Figure A5. The simulation results of case 6 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table A5. Quantitative results of case 6.
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
208.9

	
168.7

	
122.0

	
81.0




	
2

	
233.7

	
188.4

	
123.1

	
96.4




	
3

	
204.1

	
166.7

	
117.1

	
83.8




	
4

	
193.2

	
164.8

	
117.8

	
82.2




	
5

	
203.0

	
159.1

	
113.4

	
76.9




	
6

	
204.5

	
167.7

	
120.9

	
88.0




	
7

	
220.5

	
119.6

	
140.1

	
69.2




	
8

	
219.4

	
208.7

	
119.5

	
95.0




	
9

	
218.1

	
161.6

	
136.0

	
94.1




	
10

	
228.5

	
169.7

	
115.4

	
87.5




	
11

	
221.5

	
161.1

	
113.6

	
89.8




	
12

	
232.5

	
224.9

	
146.6

	
117.9




	
13

	
228.3

	
214.1

	
190.4

	
135.2
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Figure A6. The simulation results of case 7 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table A6. Quantitative results of case 7.
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
208.9

	
168.7

	
122.0

	
81.0




	
2

	
233.7

	
188.4

	
123.1

	
96.4




	
3

	
204.1

	
166.7

	
117.1

	
83.8




	
4

	
193.2

	
164.8

	
117.8

	
82.2




	
5

	
203.0

	
159.1

	
113.4

	
76.9




	
6

	
204.5

	
167.7

	
120.9

	
88.0




	
7

	
220.5

	
119.6

	
140.1

	
69.2




	
8

	
219.4

	
208.7

	
119.5

	
95.0




	
9

	
218.1

	
161.6

	
136.0

	
94.1




	
10

	
228.5

	
169.7

	
115.4

	
87.5




	
11

	
221.5

	
161.1

	
113.6

	
89.8




	
12

	
232.5

	
224.9

	
146.6

	
117.9




	
13

	
228.3

	
214.1

	
190.4

	
135.2
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Figure A7. The simulation results of case 8 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table A7. Quantitative results of case 8.
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
218.7

	
163.7

	
132.3

	
98.8




	
2

	
217.2

	
192.7

	
129.0

	
107.7




	
3

	
219.3

	
168.9

	
130.4

	
110.0




	
4

	
192.5

	
190.1

	
128.9

	
104.8




	
5

	
217.1

	
180.4

	
122.7

	
95.2




	
6

	
218.9

	
180.7

	
109.1

	
81.6




	
7

	
223.2

	
181.4

	
124.9

	
126.3




	
8

	
191.2

	
202.6

	
121.6

	
82.7




	
9

	
196.7

	
170.9

	
119.2

	
83.1




	
10

	
212.1

	
186.4

	
113.7

	
84.3




	
11

	
161.2

	
185.1

	
108.7

	
84.2




	
12

	
239.7

	
207.9

	
137.1

	
117.3




	
13

	
240.0

	
210.5

	
166.6

	
140.0
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Figure A8. The simulation results of case 9 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table A8. Quantitative results of case 9.






Table A8. Quantitative results of case 9.





	
Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
212.2

	
201.1

	
160.4

	
160.1




	
2

	
212.2

	
203.7

	
165.0

	
162.3




	
3

	
236.8

	
166.9

	
129.8

	
102.9




	
4

	
229.3

	
222.2

	
198.6

	
159.1




	
5

	
233.6

	
228.6

	
148.8

	
147.8




	
6

	
237.4

	
201.2

	
147.1

	
99.0




	
7

	
209.7

	
187.3

	
160.0

	
127.3




	
8

	
201.9

	
189.9

	
183.9

	
116.3




	
9

	
214.7

	
188.2

	
196.4

	
132.2




	
10

	
229.7

	
192.0

	
153.0

	
89.1




	
11

	
231.2

	
174.8

	
131.0

	
102.7




	
12

	
112.0

	
118.7

	
68.3

	
85.3




	
13

	
84.2

	
93.6

	
58.8

	
58.1
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Figure 1. The proposed framework for operation optimization of air purifiers. 
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Figure 2. (a) 3D view of the selected room; (b) floor plan of the selected room (unit is m). 
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Figure 3. BIM model of the selected air purifier and corresponding properties. 
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Figure 4. (a) Tested locations of the air purifier; (b) observation points in the apartment. 
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Figure 5. (a) 3D model of the tested apartment; (b) mesh of the computational domain. 
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Figure 6. Quantitative results of the nine cases at 1800 s. 
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Figure 7. The average concentration of PM2.5 at different times. 
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Figure 8. The convergence curve for case 4 simulation. 






Figure 8. The convergence curve for case 4 simulation.



[image: Buildings 13 00077 g008]







[image: Buildings 13 00077 g009 550] 





Figure 9. The simulation results of case 4 at the time of (a) 300 s; (b) 600 s; (c) 1200 s; (d) 1800 s. 
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Table 1. Boundary conditions of the computational domain.
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	Location
	Type
	    Value   (   m  3  /  h  )    





	Inlet surface
	Airflow rate
	125



	Outlet surface
	Airflow rate
	500



	Air space
	Pollution concentration
	240
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Table 2. Results of the simulation with different models.
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	Time
	RNG-Higher
	KE-Base
	KE-Higher
	KE-Highest
	Low Re KE
	SST K-Omega
	Eddy Viscosity





	300 s
	 [image: Buildings 13 00077 i001]
	 [image: Buildings 13 00077 i002]
	 [image: Buildings 13 00077 i003]
	 [image: Buildings 13 00077 i004]
	 [image: Buildings 13 00077 i005]
	 [image: Buildings 13 00077 i006]
	 [image: Buildings 13 00077 i007]



	600 s
	 [image: Buildings 13 00077 i008]
	 [image: Buildings 13 00077 i009]
	 [image: Buildings 13 00077 i010]
	 [image: Buildings 13 00077 i011]
	 [image: Buildings 13 00077 i012]
	 [image: Buildings 13 00077 i013]
	 [image: Buildings 13 00077 i014]



	1200 s
	 [image: Buildings 13 00077 i015]
	 [image: Buildings 13 00077 i016]
	 [image: Buildings 13 00077 i017]
	 [image: Buildings 13 00077 i018]
	 [image: Buildings 13 00077 i019]
	 [image: Buildings 13 00077 i020]
	 [image: Buildings 13 00077 i021]



	1800 s
	 [image: Buildings 13 00077 i022]
	 [image: Buildings 13 00077 i023]
	 [image: Buildings 13 00077 i024]
	 [image: Buildings 13 00077 i025]
	 [image: Buildings 13 00077 i026]
	 [image: Buildings 13 00077 i027]
	 [image: Buildings 13 00077 i028]
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Table 3. Part of the site measurements and simulation results.
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Unit: μg/m3




	
Model

	
Observation Point

	
0 s

	
300 s

	
600 s

	
1200 s

	
1800 s






	
RNG-higher

	
2

	
240

	
193

	
168

	
114

	
80




	

	
5

	
240

	
210

	
167

	
122

	
86




	
Ke-base

	
2

	
240

	
186

	
112

	
122

	
103




	

	
5

	
240

	
221

	
202

	
178

	
138




	
Ke-higher

	
2

	
240

	
185

	
136

	
99

	
60




	

	
5

	
240

	
179

	
163

	
97

	
65




	
Ke-highest

	
2

	
240

	
187

	
160

	
107

	
106




	

	
5

	
240

	
228

	
188

	
170

	
90




	
Low Re KE

	
2

	
240

	
175

	
150

	
98

	
82




	

	
5

	
240

	
192

	
183

	
162

	
107




	
SST Ke-omega

	
2

	
240

	
212

	
270

	
107

	
83




	

	
5

	
240

	
233

	
215

	
158

	
115




	
Eddy Viscosity

	
2

	
240

	
183

	
146

	
130

	
72




	

	
5

	
240

	
195

	
163

	
84

	
67




	
Site measurements

	
2

	
240

	
190

	
147

	
110

	
45




	
5

	
240

	
180

	
143

	
109

	
51
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Table 4. The average concentration of all observation points for the nine cases (unit is    μ g  /  m 3   ).
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Case

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
199.0

	
181.1

	
133.6

	
98.8




	
2

	
216.4

	
185.7

	
124.7

	
95.7




	
3

	
202.5

	
174.9

	
128.5

	
97.5




	
4

	
204.0

	
172.1

	
118.4

	
78.6




	
5

	
211.9

	
175.9

	
132.3

	
101.1




	
6

	
216.6

	
175.0

	
128.8

	
92.1




	
7

	
207.0

	
193.7

	
141.9

	
102.0




	
8

	
211.4

	
186.3

	
126.5

	
101.2




	
9

	
203.5

	
182.2

	
146.2

	
118.6
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Table 5. Quantitative results of the best location (unit is    μ g  /  m 3   ).
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Points

	
Time




	
300 s

	
600 s

	
1200 s

	
1800 s






	
1

	
194.3

	
184.0

	
121.1

	
85.6




	
2

	
221.5

	
164.3

	
130.2

	
92.0




	
3

	
205.2

	
215.1

	
136.8

	
90.2




	
4

	
229.9

	
186.0

	
137.8

	
87.4




	
5

	
226.6

	
196.9

	
134.7

	
87.8




	
6

	
192.4

	
117.2

	
113.4

	
77.9




	
7

	
205.0

	
172.7

	
113.9

	
77.6




	
8

	
173.0

	
155.5

	
116.1

	
76.8




	
9

	
185.6

	
157.9

	
101.5

	
72.8




	
10

	
232.7

	
180.7

	
133.2

	
85.0




	
11

	
236.3

	
187.1

	
89.5

	
67.9




	
12

	
163.0

	
163.6

	
96.0

	
71.0




	
13

	
186.2

	
156.5

	
115.5

	
49.8




	
Average

	
204.0

	
172.1

	
118.4

	
78.6
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