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The construction of a building inevitably changes the microclimate in its vicinity. Many city authorities request comprehensive wind studies before granting a building permit, which can be obtained through Computational Fluid Dynamics (CFD) simulations. Investigating the wind conditions for 12 wind directions has previously been considered sufficient in most literature and the industry. However, the effect of changing the number of simulated wind directions is still not well understood. This article investigates the influence of the number of simulated wind directions on pedestrian wind comfort maps. A neighborhood in Niigata city, Japan, was chosen as a case study. Simulations are performed in OpenFOAM using a Reynolds-averaged Navier-Stokes model and the realizable k-ϵ turbulence model. The inlet profiles form a homogeneous atmospheric boundary layer with neutral stratified conditions and a logarithmic velocity profile. The pedestrian wind comfort maps are converging toward a final map as more wind directions are included. The area of the maps classified with the same comfort as using 64 wind directions is 79% using 4 wind directions, 92% using 8 wind directions, 96% using 16 wind directions, and 99% using 32 wind directions. A greater understanding of the influence of the number of simulated wind directions included may enable more efficient pedestrian wind comfort studies that recognize the associated uncertainties.
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1 INTRODUCTION
The field of computational fluid dynamics (CFD) continues to develop as new and improved numerical methods evolve while computational power becomes more cost-effective and available. A result of this development is that CFD is increasingly applied to solve urban wind engineering problems, such as wind loads on buildings and bridges (Huang et al., 2007; Tamura et al., 2008; Montazeri and Blocken, 2013; Thordal et al., 2019), and pedestrian wind comfort (Blocken and Persoon, 2009; Blocken et al., 2012; Janssen et al., 2013; Blocken and Stathopoulos, 2016; Cheynet et al., 2019). Detailed insight into the wind flow at a given geographic location, including both historical and possible future scenarios, complements numerous applications in urban planning, climate and environmental modeling, and other applications (Blocken, 2014).
Assessing pedestrian wind comfort is a critical consideration for new building developments. Pedestrian wind comfort refers to the mechanical effect of wind on people at the ground level. The wind shear effect caused by bluff bodies commonly present in urban environments, such as buildings and other bulk structures, strongly modifies the local wind conditions. High-rise buildings are especially known for frequently causing high wind velocities at pedestrian level, reducing the pedestrian wind comfort in their vicinity. On some occasions, the strong local wind gusts could even be considered a safety concern.
There is rising concern that uncomfortable and dangerous wind conditions in urban areas will be more common in the future as climate change can cause more frequent extreme weather events (National Academies of Sciences, Engineering, and Medicine and others, 2016). Also, further urbanization through increased high-rise buildings, and a more dense built environment in general, is likely to worsen the wind environment.
These urban wind problems can be addressed by including pedestrian wind comfort studies in city planning processes, and in the design phase before erecting new buildings. In academia and industry, the possible negative effect of new buildings on the local window environment is garnering increased attention. A growing number of city authorities request pedestrian wind comfort studies before granting building permits.
The key component of a pedestrian wind comfort study is the estimation of a pedestrian wind comfort map. The pedestrian wind comfort map illustrates the wind conditions experienced at the ground level by pedestrians at a site in a given period, usually annually or seasonally. These maps are produced by combining detailed wind simulations from multiple wind directions, statistical meteorological data from the location, and a set of defined wind comfort criteria.
The set of wind simulations used as inputs represents the different wind conditions occurring at the location throughout the period, typically a year. The setup of the simulations only differs in the wind direction applied at the inlet, which is evenly distributed in the horizontal plane within the set. Wisse et al. (2002) argue that 12 wind directions are enough for the analysis of pedestrian wind comfort; 12 wind directions with 30° increments are used in most published journal papers, including (Blocken et al., 2004; Blocken and Carmeliet, 2008; Blocken and Persoon, 2009; Blocken et al., 2012; Dhunny et al., 2018). Hågbo et al. (2021) instead used the eight wind directions. City of London Corporation (2019) recommends that 36 equally spaced wind directions should be used in pedestrian-level wind analysis before the erection of buildings taller than 25 m, but specifies that this number is calibrated for the City of London and may not be appropriate for other areas. Similarly, Leeds City Council (2021) recommends the use of a minimum of 36 wind directions for buildings taller than 15 m within the City of Leeds. The substantial discrepancy in the recommended number of wind directions, from 12 to 36, highlights the need to investigate the count’s influence.
This study investigates the influence of the number of simulated wind directions on pedestrian wind comfort maps. Increasing the number of wind directions will likely result in more accurate maps, but will also raise the computational costs. The required number of wind directions needed to reach a satisfactory accuracy is presumably dependent on the complexity of the urban environment and local meteorological conditions. Other associated uncertainties in the production of the maps, such as the local statistical meteorological data or the simulation’s ability to represent the annual local wind conditions, may justify fewer simulated wind directions.
CFD is already used today in urban planning to predict wind velocity levels in urban areas. Regardless of the method’s agreement with experiments, it is valuable to investigate the number of wind directions necessary to simulate to obtain a converged pedestrian wind comfort map. An improved understanding of the influence of the number of simulated wind directions and its associated accuracy in specific cases may help develop more efficient and reliable tools to perform pedestrian wind comfort studies.
Although this study focuses on pedestrian wind discomfort due to high wind speeds, relatively high wind speeds and canopy ventilation can be considered desirable in other aspects of urban environment modeling. These include thermal comfort, pollutant dispersion, and air quality assessment. Therefore, results from this study can also be of value for those applications of urban wind simulations.
This paper begins with a chapter describing the methodology in detail, starting with the computational domain and grid, and the numerical setup of the wind simulations. Then, the process of producing the aggregated pedestrian wind comfort maps is outlined. Finally, the results are presented and discussed.
2 COMPUTATIONAL METHODOLOGY
Poor simulation setup can lead to inaccurate results; therefore, Best practice guidelines (BPGs) have been developed for properly conducting CFD analysis of the wind environment in urban areas. These guidelines are based on the cross-comparison between CFD simulations, wind tunnel experiments, and field measurements on several cases. The BPGs provided by Franke et al. (2007) and Tominaga et al. (2008) were closely followed to set up the simulations. The simulation setup is based on the one presented in Hågbo et al. (2021). It only differs in a few numerical settings, such as the algorithm handling the pressure-velocity coupling and site-specific parameters.
2.1 Urban Location
The location chosen for this study is a neighborhood in Niigata city in Japan, a building complex with simple building shapes. This location is used in the Architectural Institute of Japan (AIJ) benchmark case E, and its geometric model and data from wind tunnel experiments are provided at Architectural Institute of Japan, (2021). Other published CFD studies on this location available in the literature include (Tominaga et al., 2005; Mochida and Lun, 2008; Caniot et al., 2011; Tominaga, 2012).
2.2 Computational Domain
The BPGs have been used as a minimum requirement when sizing the computational domain. The guidelines are based on box-shaped domains. They are only suitable if wind at the inlet has one specific direction, which is inward parallel to the domain’s sidewalls.
A cylindrical domain is used as the intention of this study was to have a flexible mesh suitable for simulating wind from any horizontal direction. Therefore, the recommendations of the BPGs had to be applied and adapted to the cylindrical domain.
The routine of using a cylindrical computational domain when performing urban wind simulations was introduced by Kastner and Dogan, (2020). They reported that a cylindrical domain yielded comparable results to a traditional box-shaped domain in terms of accuracy and convergence behavior. Figure 1 presents the computational domain, and the dimensions are listed on the right side of the figure.
[image: Figure 1]FIGURE 1 | The computational domain. Hmax is the height of the highest building.
The BPGs suggest that the top of the domain should be 5 Hmax from the top of the tallest building. Hmax, as defined by Franke, (2006), is the height of the tallest building and is essential in sizing the computational domain. Here, Hmax is 60 m. As there is no elevation in the terrain patch, the height of the domain is set to 6 Hmax. Franke et al. (2007) suggest a distance of 15 Hmax downstream of the buildings to the outlet of the domain. As the cylindrical domain is suitable for wind coming in from any direction, the radial distance from the buildings to the domain’s sides is set to 15 Hmax.
2.3 Computational Grid
The computational grid was developed according to the BPGs, and Figure 2 presents a partial view of the grid structure from the side. The final grid is produced with snappyHexMesh, the hex-dominant unstructured mesh generator of OpenFOAM. snappyHexMesh requires a base mesh and 3D geometry in the form of a triangulated surface, here represented by the building model and the terrain model. Hågbo et al. (2019) concluded that an unstructured mesh generated with snappyHexMesh could be sufficient in urban wind simulations where only the general flow features are of interest.
[image: Figure 2]FIGURE 2 | Computational grid structure, a partial view from the side.
The base mesh was generated with blockMesh, a meshing utility in OpenFOAM suitable for simple structured meshes with grading and curved edges. The grid is stretched vertically in the base mesh with an overall expansion ratio of three. It means that the height of the top cells is three times the height of the bottom cells.
The grid is refined successively in a 2:1 ratio near the terrain and buildings in the final mesh, with eight grid cells between each refinement level. Two refinement levels are used on the outermost part of the terrain patch, while three levels are used within a radius of 500 m from the center of the patch. Four refinement levels are applied near the buildings.
The grid consists of about 12.1 million cells, and key features of the mesh are listed in Table 1.
TABLE 1 | Key features of the mesh used. The reported cell dimensions correspond to the sizes at the surface of the patches. And at ground-level for the height of the cells adjacent to a patch, z, as the mesh is stretched vertically. The cell’s length, x, and width, y, remain constant. Here, the x/y columns do not represent a ratio but the cell size in both horizontal directions as they are identical for each refinement level.
[image: Table 1]The height of the cells adjacent to the buildings and on the terrain near the buildings is 0.34 m. On the rest of the terrain within the built area, the cell height is 0.68  m, ensuring the elevation height of 2 m to be within a minimum of the third cell from the ground. These cell heights give the average non-dimensional wall distances y+ value of about 7.0 × 103 for the building patch and 9.0 × 103 for the terrain patch in the built region.
These are relatively high values that significantly exceed the recommended values of (30–500) (Franke et al., 2007), meaning that the first cell center is well outside the log-law region. However, standard logarithmic wall functions are typically also used in CFD simulations of atmospheric boundary layer wind flow when y+ is well above the recommended upper limit without reducing the accuracy of the simulated wind velocity field. Examples using y+ values of the same order of magnitude as in this study include the studies cited herein (Blocken et al., 2007; van Hooff and Blocken, 2010a; van Hooff and Blocken, 2010b; van Hooff et al., 2011).
The high Reynolds number flow studied here makes it challenging to be within the log-law region. The most important reason for using these high y+ values is that the recommended range is based on smooth walls and would yield unnecessarily small near-wall cells for our rough terrain wall. It should also be noted that the log-law profile is not necessarily valid given the complex geometry of the terrain.
Apart from the y+-values, the resolution is sufficiently high according to the BPGs, as it satisfies the recommendation of a minimum of 10 cells per building side and in the passage between buildings, as well as at least 3 cells from the ground to the elevation height (Franke et al., 2007; Yoshie et al., 2007; Tominaga et al., 2008). In this study, the elevation height was set to 2 m above ground level, a reasonable height for pedestrian wind comfort evaluation.
2.4 Simulation Setup and Other Computational Parameters
An outline of the simulation setup applied is provided at Table 2. The wind simulations were performed by solving the incompressible, three-dimensional steady Reynolds-averaged Navier-Stokes (RANS) equations with the finite volume method. Turbulent closure was provided by the realizable k-ϵ turbulence model developed by Shih et al. (1995) and the SIMPLEC algorithm handled the pressure-velocity coupling ensuring that the continuity equation is satisfied. The realizable k-ϵ turbulence model was chosen, as it is recommended by Blocken et al. (2003) and Blocken et al. (2004) in the application of pedestrian wind environment simulations, as it proved to perform substantially better than the standard k-ϵ model. Second-order discretization schemes were used for the spatial discretization, including the convective terms.
TABLE 2 | Overview of simulation setup.
[image: Table 2]The iterative convergence criteria were that the scaled residuals should drop four orders of magnitude for k (turbulent kinetic energy), ϵ (turbulent kinetic energy dissipation rate), and each Cartesian component of U(velocity), as recommended for all flow variables by the BPGs. The convergence criterion for p (pressure) was relaxed to 5.0 × 10–4. This was done to speed up the simulations, as reaching a residual drop of four orders of magnitude required significantly longer simulation time. The relaxation of the convergence criterion did not impact the wind velocity magnitude at the pedestrian level in the built area investigated in this paper. These criteria were met for all simulations presented.
The simulations were conducted using the OpenFOAM (version 6) toolbox, which is an open-source CFD software package (Weller et al., 1998).
An overview of the boundary conditions (BCs) used is presented in Table 3. Combined inlet/outlet boundary conditions are used on the computational domain’s sides to allow for wind in any direction. The inlet profiles were set to form a homogeneous atmospheric boundary layer (ABL) with neutral stratified conditions and a logarithmic velocity profile, according to the BPGs. The wind speed at a reference height of 10 m, Uref10m, was set to 5 m s−1. Outlet conditions were used with constant pressure and zero gradient for the remaining variables. The direction of the flux automatically determines the inlet and outlet regions.
TABLE 3 | Overview of boundary conditions applied.
[image: Table 3]No-slip conditions with wall functions were used for both the terrain and the buildings layer. The logarithmic law for smooth walls was used for the buildings. A rough wall condition was applied for the terrain (Hargreaves and Wright, 2007). The roughness was set to z0 = 3.00 m to replicate the profiles used in the experiment. The slip condition was applied to the top boundaries.
2.5 Production of Pedestrian Wind Comfort Maps
The instantaneous regional wind conditions at any urban site continuously change with time. They include quantities such as wind velocity and direction, turbulence, humidity, and temperature, and how these parameters vary with height. The varying conditions result from changing external weather patterns, which depend on other factors such as time of day, season, atmospheric stability, formation of low- and high-pressure systems, and many more.
The pedestrian wind comfort maps are produced by combining wind simulations, local statistical meteorological data in the form of a wind rose, and a set of defined comfort criteria. There are numerous sets of wind comfort criteria, and in this study, a version of the Lawson wind comfort criteria (Lawson, 1978) is used, see Table 4. The Lawson criteria classify areas with “comfortable” activity types based on their associated accepted average wind speed intervals and exceedance frequency. The calculation of wind comfort criteria was also considered in Blocken and Carmeliet, (2004), Blocken et al. (2012) and Vita et al. (2020a). Note that only comfort is considered in this work, not pedestrian distress (Vita et al., 2020b).
TABLE 4 | Pedestrian wind comfort criteria used in the study, based on Lawson wind comfort criteria Lawson (1978).
[image: Table 4]The number of simulated wind directions used in the production of the pedestrian wind comfort maps in this study is:
1) 4, increments of 90°
2) 8, increments of 45°
3) 16, increments of 22.5°
4) 32, increments of 11.25°
5) 64, increments of 5.625°
Not all wind speeds are simulated. Instead, a representative wind field for each Lawson category is found by a linear scaling of the simulated wind velocity. The maximum value in each wind speed range is used as the scaling factor to be conservative. Linear scaling is justified as the wind is well within the turbulent flow regime for all the wind speed intervals under consideration, and hence similar flow distributions are expected.
The procedure of producing pedestrian wind comfort maps in this study is as follows. First, the wind is simulated from 64 evenly distributed horizontal wind directions. A set of 4, 8, 16, 32, or all 64 simulations of evenly distributed wind directions are used further.
Then, the pedestrian wind comfort is evaluated in all the computational cells using the algorithm outlined in Figure 3.
[image: Figure 3]FIGURE 3 | Outline of the algorithm used to calculate pedestrian wind comfort.
Since the Lawson criteria are based on exceedance probability, it needs to be determined how often the local wind velocity in each computational cell is above the given criteria. Since we assume equal probabilities for each wind direction and each wind class, the frequency for each wind class is
[image: image]
In general, this frequency would be obtained from the wind rose for the location. Next, we need to find the local velocity of the cell for each wind direction and wind class. We only have a single simulation for each wind direction. For each wind class, we calculate a representative local velocity in each cell for this wind class by doing a linear scaling the simulated wind velocity,
[image: image]
Here, Uref is the reference velocity at 10 m height for the simulated case. For Uclass, we use the upper bound of the class to be conservative. If this local velocity for the wind class exceeds any of the comfort criteria, we accumulate the frequency in this cell by Pclass. After all the wind directions and wind classes have been considered, we determine if the total accumulated frequency has been exceeded for each category in the Lawson criteria, and assign the appropriate comfort value to the cell.
The algorithm assigns a comfort class to all the cells within the computational domain. Finally, a pedestrian wind comfort map is produced by reading the comfort of the cells located 2 m above the terrain level and projecting its representing color onto the terrain patch below.
In this case study, the local wind statistics were arbitrarily chosen such that the wind was to always be 5 m s−1 at 10 m height and that the frequency of each wind sector was identical. In that way, the importance of each wind simulation is equally weighed in the pedestrian comfort maps.
3 RESULTS
3.1 Validation
The wind tunnel experiments were conducted at a 1/250 scale (Yoshie et al., 2007). A boundary layer with properties similar to an atmospheric boundary layer was generated in the wind tunnel upstream of the test section of dimensions 1.8 m length, 1.8 m width, and 1.8 m height. The vertical profile of the horizontal wind velocity was developed to follow a function with a power-law exponent of 0.25 when reaching the test section. Scalar wind velocities at 0.008 m above the wind tunnel floor (2 m above the ground surface in real scale) were measured by multi-point thermistor anemometers.
Figure 4 shows the normalized, simulated wind velocity magnitude at 2 m above ground, with the wind from N (0°). The colored dots are located in the same position as the 80 probes in the wind tunnel experiments, and their color represents the wind velocity magnitude difference, ΔUval, between the wind tunnel experiment and the simulation, where ΔUval is:
[image: image]
[image: Figure 4]FIGURE 4 | Normalized simulated wind speed at 2 m above ground with wind from N (0°). The colored dots represent the wind speed difference, ΔUval, between the wind tunnel experiment and the simulation at the 80 probes. The black arrow indicates the wind direction at the inlet, and the green arrow points to the high-rise building.
Blue-colored dots indicate that the wind velocity magnitude of the simulation is greater than in the wind tunnel experiments, and red-colored dots mean that the wind velocity magnitude of the simulation is lower than in the wind tunnel experiments. The experimental values compared against are averaged over time.
Figure 4 clearly shows the expected speed-up effect at the ground level near the side corners of the high-rise building relative to the overall wind direction. The similarly expected wake regions of low wind velocity magnitudes are seen leeward of the buildings.
When comparing the wind velocity magnitudes at the probes in the simulations to the results from the wind tunnel experiments from 16 wind directions, we see a slight trend that the simulations are overpredicting the effects of the buildings. More specifically, the simulated values in relatively high wind speed areas are generally too high compared to wind tunnel results. Likewise, the simulated values are too low compared to wind tunnel results in low wind speed regions. This trend is slightly noticeable in Figure 4, where red dots are somewhat located in blue low-velocity areas, and blue dots in red high-velocity areas. Note that the calculated differences, represented by the colored dots, are highly sensitive to the location of the probes as they are positioned within regions of high flow gradients.
Similar observations were made on the same benchmark case by Tominaga et al. (2005), Mochida and Lun, (2008), and Caniot et al. (2011). All three studies reported that the CFD simulations generally agree with the wind tunnel experiments, but that the simulations tended to underestimate the wind speed in the wake regions of buildings. Tominaga et al. (2005) note that the disagreement is also seen for other comparable benchmark tests and that it is partly related to differences in the definition of the average wind velocity magnitude in the two methods. While the wind tunnel tests register time averages of the instantaneous scalar velocity, the simulations use the velocity vector’s time averages (Tominaga et al., 2005). Mochida and Lun (2008) argue that it is related to the used turbulence models’ inability to reproduce the vortex shedding from tall buildings. Caniot et al. (2011) emphasize that the points of high relative difference are positioned near the edges of the wakes where high flow gradients occur, making the values highly location-sensitive.
Table 5 lists the average relative difference of wind velocity magnitude, and the Pearson correlation coefficient (PCC) between wind simulations and wind tunnel experiments for 16 wind directions at the 80 probes. The experimental values compared against the simulations are averaged over time. The table quantifies that the wind velocity magnitude of the simulations is overall lower at the ground level than in the wind tunnel experiments. For the 16 wind directions, the average relative difference of wind velocity magnitude is in the range from −1% to −35%, and the Pearson correlation coefficient is in the range 0.71–0.84.
TABLE 5 | The average relative difference of wind velocity magnitude, and the Pearson correlation coefficient (PCC), between wind simulations and wind tunnel experiments for 16 wind directions at the 80 probes.
[image: Table 5]The overprediction of the extent and significance of the wake regions of low wind velocity magnitudes, leeward of the buildings, agrees with other RANS simulations in the literature. Generally, it is because the transient nature of the flow is difficult to fully represent in time-averaged simulations, leading to less turbulent mixing in the simulations. It is also evident in Table 5 where the negative values of the average relative difference of wind velocity magnitude between wind simulations and wind tunnel experiments are because many of the probes are located within the wake regions in the simulations.
3.2 Dependency of Pedestrian Wind Velocity on Inlet Wind Direction
Figure 5 presents the wind velocity magnitude at 2 m above ground for 16 simulations representing wind from a 90° wide sector around the reference wind direction N (0°). Notice that there are generally always high wind speeds in the vicinity of any two of the corners in the high-rise building, and which of the corners is affected is highly dependent on the wind direction. For example, the high wind speed corners in the 349° simulation are the West and the North corners, but are the West and the East corners for the 0° simulation, where the wind direction is only shifted by 11°. Similar jumps of high wind velocity areas occur throughout all wind sectors.
[image: Figure 5]FIGURE 5 | Wind speed at 2 m above ground. The 16 included simulations represent wind from a 90° wide sector around the reference wind direction N (0°). The compared area is within 100 m in each horizontal direction of the high-rise building and does not include the building footprint area. The black arrow indicates the wind direction at the inlet.
The variance within the set is best viewed in Figure 6. It illustrates the wind velocity magnitude difference within the North sector, ΔUNsec, to reference wind direction simulation at 2 m above ground, where ΔUNsec is:
[image: image]
[image: Figure 6]FIGURE 6 | Wind speed difference, ΔUNsec, to reference wind direction simulation at 2 m above ground 100 m in each horizontal direction of the high-rise building. The 16 included simulations represent wind from a 90° wide sector around the reference wind direction N (0°). The black arrow indicates the wind direction at the inlet.
Negative values, represented by blue, correspond to areas where the reference case has a lower wind velocity magnitude than the compared case and vice versa. It is clear that the differences to the reference wind direction simulation grow with increasing wind direction shift from it, in terms of both magnitude and spatial extent. The differences are especially pronounced near the corners of the high-rise building. Notice that the difference is represented by alternating signs/colors going around the high-rise building. This alternation is related to the high sensitivity of the location of the “high wind speed corners,” seen in Figure 5. Quantification of the variances seen in Figure 6 is provided in Table 6.
TABLE 6 | Area of intervals of wind speed difference to reference wind direction simulation at 2 m above ground. The 16 included simulations represent wind from a 90° wide sector around the reference wind direction N (0°). The compared area is within 100 m in each horizontal direction of the high-rise building and does not include the building footprint area. This table quantifies the observations in Figure 6.
[image: Table 6]Each wind sector is equally spaced. The width of the sectors depends on the number of wind directions included in the production of the pedestrian wind comfort maps. Therefore, each wind simulation represents a 90° wide sector when 4 wind directions are used. Wind coming from the North sector ranging from 315° (NW) to 45° (NE) is represented by only one wind simulation of wind coming from 0° (N).
Table 6 shows that out of the 16 wind directions simulated in this sector, about a minimum of 88.6% of the area has an absolute value difference in wind velocity magnitude of less than 0.5 m s−1 in the wind simulation with the highest discrepancy to the reference wind simulation. The remaining 11.4% is the maximum area in the reference wind simulation that is more than 0.5 m s−1 off compared to one of the wind direction simulations it represents in the 90° wide sector.
Doubling the number of wind simulations used in the pedestrian wind comfort maps from 4 to 8 reduces the sector width each wind simulation represents to 45°. It reduces the area to 8.5%. Likewise, 16 wind directions further reduce the wind sector increments to 22.5° and the area to 4.4%; 32 wind directions give increments of 11.25° and an area of 1.0%.
Specially detailed information of the wind velocity magnitude distribution at pedestrian-level obtained from wind simulations is essential when producing the pedestrian wind comfort maps. The number of simulated wind directions decides the equally spaced wind sector increments each wind simulation represents. Fewer wind directions causing larger increments are naturally associated with higher variance in wind velocity distribution within this wind sector. This relation is evident in Figures 5, 6 and Table 6.
3.3 Pedestrian Wind Comfort Maps
Figure 7 shows the pedestrian wind comfort maps at 2 m above ground produced using either 4, 8, 16, 32, or 64 evenly distributed horizontal wind directions. Only a section of the computational domain, 100 m in each horizontal direction of the high-rise building is presented.
[image: Figure 7]FIGURE 7 | Pedestrian wind comfort maps at 2 m above ground 100 m in each horizontal direction of the high-rise building indicated by the green arrow. Generated using (A) 4 (B) 8 (C) 16 (D) 32, and (E) 64 wind directions.
Ground areas in the vicinity of the high-rise building, especially near the corners, are classified with the worst (“uncomfortable”) or the second-worst (“business walking”) wind comfort classification in all the maps. In these areas, the frequent strong wind is caused by a wind pull-down effect often seen near high buildings, particularly ones with sharp corners. The wind is considerably weaker at the ground level close to the other lower buildings. The areas with frequent high wind are more evenly distributed around the high-rise building, as more wind directions are included in the production of the maps, especially compared to the map produced with wind simulations from only 4 wind directions.
The differences in the pedestrian wind comfort maps are best viewed in Figure 8. The figure gives the classification difference to the reference case, ΔC, where:
[image: image]
[image: Figure 8]FIGURE 8 | Wind comfort classification difference, ΔC, to the map using all 64 wind directions at 2 m above ground 100 m in each horizontal direction of the high-rise building. Compared against using (A) 4 (B) 8 (C) 16, and (D) 32 wind directions.
Ci is the pedestrian wind comfort class of a given location using 64 wind directions. Cj is the classification at the same location using a different number of wind directions. The map produced from the most wind directions, here 64, is likely the most accurate and is used as the reference case.
Negative values, represented by blue, correspond to areas where the reference case has a lower classification number, meaning an improved wind comfort class, than the compared case and vice versa. Notice that there is a relatively large total area in red in Figure 8A. The reference case has a higher classification number in these red areas, meaning a worse wind comfort class, than the case using only 4 wind directions.
Quantification of the differences is provided in Table 7. It shows the percentage of area classified differently compared to maps using all the 64 simulated wind directions. The total area classified differently from the reference map clearly reduces in size as more wind directions are included; 79% of the area within 100 m in each horizontal direction of the high-rise building is classified with the same pedestrian wind comfort class as the map produced using 64 wind directions. This number increases to 92% using 8 wind directions, 96% using 16 wind directions, and finally 99% using 32 wind directions. Similar values were observed when including the whole building area of radius 200 m.
TABLE 7 | Area of comfort classification difference, ΔC, to the map using all 64 wind directions at 2 m above ground. The compared area is within 100 m in each horizontal direction of the high-rise building and does not include the building footprint area. This table provides numbers for the areas seen in Figure 8.
[image: Table 7]4 DISCUSSION
This article presents an investigation on the influence of the number of simulated wind directions on pedestrian wind comfort maps. A neighborhood in Niigata city, Japan, was chosen as a case study, as it is a benchmark case with available data for geometry and wind tunnel experiments. The main findings of the analysis include the following:
1) A generally good agreement with experimental results was reported with a reasonable variance for such a complex geometry when validating the simulation setup. There is a trend that the simulations do not introduce enough mixing, causing the simulated velocity in high speed areas to be higher than the measured values, and vice versa in the low wind speed regions. This trend is believed to be due to the RANS modeling not being able to capture the mixing caused by large transient fluctuations caused by the building geometries. This is also suggested in other studies of the same region (Tominaga et al., 2005; Mochida and Lun, 2008; Caniot et al., 2011).
2) The pedestrian wind comfort maps are converging toward a final map as more wind directions are included. Doubling the number of wind directions from 4 to 8 changes the maps significantly, but only a slight variation is observed when doubling the wind direction count from 32 to 64.
The pedestrian comfort criteria used in this work only consider the mean wind speed. Other criteria exist, for instance, using turbulent kinetic energy or gust factors (Vita et al., 2020b). While the results current study give some insight that could be relevant also for other criteria, this could be investigated in more detail.
Transient simulations will likely provide more accurate predictions of the size of the wake regions. This possibility of improved predictions is related to the fact that steady RANS simulations are time-averaged and cannot capture the wind’s dynamic and instantaneous behavior, which LES (large eddy simulation) methods attempt. The superior accuracy of wake predictions of transient simulations over steady simulations is evident in Mochida and Lun, (2008). The study examined and compared data sets of simulation results from nine groups, all simulating wind on a single tall building of geometry 2:1:1 (height, width, length).
Other past studies on pedestrian level wind conditions have proved RANS′ ability to accurately predict the mean wind speed in high wind speed regions when following BPGs, while the performance in low wind speed regions can be poor (Yoshie et al., 2007; Blocken and Carmeliet, 2008; Blocken et al., 2008; Blocken and Stathopoulos, 2016; Blocken, 2018). Blocken and Stathopoulos, (2016) argue that the poor prediction within these low-velocity regions does not compromise the accuracy of the pedestrian wind comfort assessment. The statement can be supported by studying the overall procedure of calculating pedestrian comfort, see Figure 3. The cell is assigned the same velocity class within the whole velocity class range from 0 m s−1 to 4 m s−1. It, therefore, contributes equally to the low-velocity regions of the pedestrian comfort map. Despite LES’s superior accuracy over RANS simulations, RANS is often the practical choice for many applications of urban wind simulations due to the known drawback of LES compared to RANS. These drawbacks include substantially higher computational costs, and that highly resolved experimental data are required to provide the input conditions, which are often not available. Blocken and Stathopoulos, (2016) and Blocken, (2018) argue the continued use of the RANS approach for the pedestrian-level wind studies.
It is reasonable to assume that adding the simulation of more inlet wind directions increases the accuracy of the produced pedestrian wind comfort maps. Increasing the number of wind directions included in the pedestrian wind comfort maps will lead to less pronounced changes, eventually causing the maps to converge to a satisfactory level of accuracy. The number of wind directions needed to reach this point is likely site-dependent on various factors that need further study.
At the same time, more wind directions require more computational costs. Therefore, evaluating the cost-benefit is necessary when deciding the number of wind directions to simulate in a specific case. In this decision process, a clear understanding of the required level of accuracy and the expected accuracy associated with the number of wind directions included for the specific case are essential. Table 7 is the most important result to study in this process. The present results indicate that simulation of 8 wind directions is insufficient to give a sufficiently converged pedestrian comfort map. Using more than 32 wind directions also appears excessive, as the changes in the pedestrian comfort map with more simulated wind directions are too small to influence a decision-making process for building permit purposes.
Future work includes studying the effect of the following:
1) Level of urbanization, meaning the urban area’s geometrical complexity going from rural to hyper-urban.
2) The complexity of the terrain.
3) The local meteorological conditions and their variations with the seasons.
4) Atmospheric thermal stability.
5) Inlet profiles, conventional idealized profiles without wind veer, or fully developed profiles with wind veer. Including wind veer, or “twisted wind profiles,” gave superior results in an Air Ventilation Assessment (Weerasuriya et al., 2018), and will likely affect pedestrian comfort as well.
A greater understanding of the influence of the number of simulated wind directions included and the corresponding factors may enable more efficient pedestrian wind comfort studies that account for potential uncertainties.
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