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Abstract

:

This study aimed to evaluate the wind environment in step-up and step-down urban canyons through a computational numerical experiment using the computational fluid dynamics (CFD) model. Spatial structural conditions were considered according to the location of high-rise buildings, and the changing wind patterns inside canyons were compared and analyzed by varying the building heights. Under the step-up to step-down condition, wind velocity inside the canyon weakened, a vertical vortex formed, and vertical air flow separated; additionally, in shallow and deep canyons, wind velocity and detailed flow differed slightly according to each additional condition. For the step-down to step-up condition, the building located in the center appeared to be isolated, and a general wind environment phenomenon consistent with the step-up and step-down structures was observed. However, depending on the isolated area, an additional roof-top canyon was formed, and the wind field in the canyon was found to affect the wind velocity and detailed flow in other canyons. The wind velocity components of the inflow and outflow winds into the canyon differed based on the step-up to step-down or step-down to step-up conditions, and according to the conditions in the first and second canyons. Furthermore, the vertical wind velocity components were greatly affected by the step-up and step-down structures. Accordingly, the height and structural location of the building could affect various phenomena, such as the separation of vortices and air currents inside the canyon, and a variable wind environment was formed according to a series of conditions for the building.
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1. Introduction


Industrialization and economic development have concentrated the population influx of certain regions and induced the expansion of urban areas through the creation of various industrial complexes and residential areas. They have also caused rapid land and urban development, leading to an increase in the number of artificial structures. This serves as an opportunity for the application of various urban planning strategies and has also become a major discussion point for the application of compressed urbanization by examining the concept of “New Urbanism” or the “Urban Village”, considering the planned control and sustainability of urban areas [1,2,3,4,5]. Compact cities were first introduced in the late 1980s in developed Western countries. They have been widely implemented since the 1990s, leading to changes in the forms and structures of conventional cities for the efficient use of land by supplementing the connectivity between cities [1,2,5].



Due to these changes in urban forms and structures, relatively high-rise buildings are now located in the centers of development zones, causing numerous issues related to the urban wind environment and thermal environment [3,5,6,7,8,9,10]. In particular, the height difference between neighboring buildings causes the diversification of urban spatial structures, which also serves to further intensify the uncertainty in the prediction of changes in the wind environment. In fact, wind phenomena with anomalous properties such as sudden vortices and building winds are known to inflict discomfort/injuries to pedestrians and affect the durability of buildings [8,11,12,13]. Accordingly, several studies on the wind environment of canyons (formed because of the differences in building heights) based on the conditions of the exterior ratio of buildings have been conducted. In Oke (1988), the characteristics of surface flow according to width are represented by skimming flow (SF), wake interface flow (WIF), and isolated roughness flow (IRF). Other related studies have also examined the effects of the wind environment [14,15], and horizontal and symmetrical flows in canyons have been reported [9,11,12,16]. In addition, many studies have been conducted on vertical airflow characteristics based on height, such as the occurrence of various vortexes in step-up and -down canyons, the formation of attachment points, and changes in flow separation area [17,18,19,20,21,22,23,24,25,26]. Recently, several studies have been conducted on the thermal environment in relation to pollutant evaluation [17,20,23,27]. Under ideal conditions, wind environment evaluations should be continuously presented to provide basic data on wind, such as direction and airflow changes [10,12,15,18,24,25,26,28].



However, additional research is required to reflect various conditions in line with these complex urban structure changes. In particular, the evaluation of the wind environment of multiple canyons occurring in series based on obstacle ratios and building arrangements is currently insufficient. Accordingly, it is necessary to evaluate the wind environment in relation to the formation of multiple canyons and chain changes in airflow as a result of the congregation of buildings and consider external arrangements, such as the step-up and -down of buildings, with different appearance ratios. In this study, we evaluate the wind environment in multiple canyons formed due to the arrangement and height difference of buildings. We compare and analyze wind patterns and changes formed in urban canyons through wind sensitivity experiments focusing on the diversification of urban canyons. In addition, the wind inflow and outflow and the variability of wind velocity components according to the characteristics and conditions of the wind environment that appears according to the structural location of high-rise buildings and the depth of the canyon are considered.




2. Numerical Description


2.1. Computational Fluid Dynamics Model


In this study, computational fluid dynamics (CFD), a specialized form of numerical analysis, was used. Since the development of the initial model by the Argonne National Laboratory in the United States in 1995, this model has been supplemented and improved through continuous feedback from users over the past several decades. The CFD model compensates for the shortcomings of the wind tunnel experiment with temporal and spatial constraints, enabling ultra-high-resolution analysis of local atmospheric flows on a city scale based on computerized numerical experiments. It is a numerical experimental tool that can conduct wind environment sensitivity tests that reflect various factors based on atmospheric conditions with economic efficiency and usefulness.



The CFD model used in this study applied the k-ε turbulence termination method based on the renormalization group (RNG) theory to turbulence parameterization. The Swall function was used to reflect the turbulence boundary layer effect at the wall boundary well [16,25,29,30]. In the case of Reynolds-averaged Navier–Stokes (RANS) governing equations, the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was applied with finite volumetric methods in staggered grid systems, and the flow of three-dimensional non-rotation, non-rotation, and non-compressor was as follows [15,16,17,18,29,30,31,32].


    ∂  U i    ∂ t   +  U j    ∂  U i    ∂  x j    = −  1   ρ o      ∂  P *    ∂  x i    + ν    ∂ 2   U i    ∂  x j  ∂  x j    −  ∂  ∂  x j     (     u i   u j   ¯   )   



(1)






    ∂  U i    ∂  x j    = 0 ,  



(2)







Here,    U i    is the  i -th average velocity component,    P *    is the pressure difference from the reference value,    u i    is the perturbation component of    U i   ,    ρ o    is the atmosphere density, and  ν  is the molecular viscosity of the atmosphere. The parameterization of Reynolds stress in Equation (1) is shown in (3) and (4).


  −  (     u i   u j   ¯   )  =  K m   (    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     )  −  2 3   δ  i j   k ,  



(3)






   K m  =  C μ     k 2   ε  ,  



(4)







   K m    is the turbulent diffusion coefficient for the momentum,    δ  i j     is the Kronecker delta,  k  is the turbulent kinetic energy, and in the RNG turbulence model,    K m    is calculated as shown in Equation (4). In addition,    C μ    is an empirical constant, and the RNG turbulence model of Yakhot et al. (1992) was used to parameterize turbulence. The disappearance term (R) was additionally considered in the extinction rate equation of turbulence kinetic energy [33]. This was to consider the unbalanced strain rate, which differs from the typical standard turbulence model by using different constant values [34]. Equations (5) and (6) were used as equations for turbulence kinetic energy and extinction rate ( ε ).    σ k   ,    σ ε   ,    C  ε 1     and    C  ε 2     are empirical constants, and the stress–strain added to the last term on the right side of Equation (6) is shown in Equations (7) and (8). Equation (9) is the constant value used in the RNG turbulence model [33].


    ∂ k   ∂ t   +  U j    ∂ k   ∂  x j    = −    u i   u j   ¯    ∂  U i    ∂  x j    +  ∂  ∂  x j     (  ν +    K m     σ ε      ∂ k   ∂  x j     )  − ε ,  



(5)






    ∂ ε   ∂ t   +  U j    ∂ ε   ∂  x j    = −  C  ε 1    ε k     u i   u j   ¯    ∂  U i    ∂  x j    +  ∂  ∂  x j     (     K m     σ ε      ∂ ε   ∂  x j     )  −  C  ε 2      ε 2   k  − R ,  



(6)






  R =    C μ   η 3  ( 1 − η /  η 0  )  ε 2     (  1 +  β 0   η 3   )  k   ,  



(7)






  η =  k ε     [   (    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     )    ∂  U j    ∂  x j     ]    1 / 2   ,  



(8)






   (   C μ  ,    σ k  ,    σ ε  ,    C  ε 1   ,  C  ε 2   ,    β 0  ,    η 0   )  =  (  0.0845 ,   0.7179 ,   0.7179 ,   1.42 ,   1.68 ,   0.012 ,   4.377  )  .  



(9)







The model used in this study is the same as that used in Hayati and Stoll et al. (2019) [35] and Park and Kim et al. (2020) [25]. Numerous studies have been conducted on numerical analysis at an urban scale, and the models that have been evaluated have been shown to be highly reliable in verifying the consistency of the wind tunnel test and simulation results. Accordingly, the wind environment sensitivity test has been effectively simulated [15,16,17,18,22,23,24,25,27,29]. Kim and Baik (2004) [29], using the same CFD model as this study, showed a very high level of consistency compared to the wind tunnel experiments by Brown and Lawson Jr. et al. (2000) [36]. The model used by Hayati and Stoll et al. (2019) showed good reproduction compared to that of the other CFD models [35]. In particular, Park and Kim et al. (2020) [25] compared the results obtained using the CFD model in the step-up canyon with the measurement results of Addepalli and Pardyjak (2013) [24] and detailed their results. Figure 1 is an excerpt of a part of the verification results, showing the changes in the shallow canyons (SCs) and deep canyons (DCs) by normalizing the vertical wind velocity components. Based on the results, a stagnation point was formed under the influence of the building on the downwind side, causing wind separation under all conditions, and a strong downdraft was found to be dominant at the lower part of the stagnation point. Compared with the measurement results, the main features such as stagnation points, vortices, and vertical airflows were well reproduced using the CFD model. However, the differences according to specific conditions, such as the underestimation of the recirculation area and the suppression of the vortex generated at the bottom of the building on the downwind side of the canyon, were identified through a full review of the above study. Therefore, despite its limitations, the CFD model used in this study appears to be highly reliable for determining overall flow and the reproducibility of main features, making it adequate for wind environment analysis under various conditions.




2.2. Simulation Set-Up


To effectively simulate the wind stream formed and developed in each urban canyon based on the change in the height of the building group, we set the calculation area of the numerical model as a three-dimensional spatial coordinate system, as shown in Figure 2. The vertical distribution suggested by Castro and Apsley (1997) was used as the inflow boundary condition of the CFD model [37]. The initial conditions for wind ( U ,  V ,  W ), turbulent kinetic energy ( κ ), and extinction rate ( ε ) are as follows.


  U  ( z )  =    u *   κ  l n  (   z   z 0     )  ,  



(10)






  V  ( z )  = 0 ,  



(11)






  W  ( z )  = 0 ,  



(12)






  k  ( z )  =    u * 2     C μ  1 / 2        (  1 −  z δ   )   2  ,  



(13)






  ε  ( z )  =    C μ  3 / 4    k  3 / 2      κ z    .  



(14)







Here,    u *   ,    z 0   ,  κ , and  δ  represent friction speed, roughness length (=0.05 m), von Karman constant (=0.4), and boundary layer thickness (=1000 m), respectively.    C μ    is the empirical constant for turbulent kinetic energy and extinction rate (=0.0845) [17,25,27,32]. A uniform grid of 2 m was applied in all directions, and an inflow in the x-increasing direction was assumed in the domain on the scale of x × y × z = 210 × 210 × 80 m. For the buildings in the calculation area, the step-up to step-down condition (Case 1), which is the change in height of both buildings (Bu and Bd) with respect to the central building (Bc), and the step-down to step-up condition (Case 2), which is the height change of the central building (Bc) based on the high-rise buildings (Bu and Bd) on both sides, were applied as experimental conditions, as shown in Figure 2 and Table 1. Furthermore, to evaluate the wind environment of the step-up and step-down canyons formed according to the multiplexing of the buildings, the exterior ratio consisting of the variable vertical height (z) of the buildings in relation to the width (S) of the urban canyon was set for the intensive comparative analysis of the conditions of shallow (z/S = 1.0) and deep (z/S = 2.0) urban canyons.





3. Step-Up to Step-Down Canyons


3.1. Horizontal Wind Field and Wind Speed


Figure 3 shows the wind field and horizontal wind velocity in the step-up to step-down canyons (Case 1) according to the conditions suggested in the research method. The left panel shows the results in the SCs (z/S = 1.0) and the right panel shows the results in the DCs (z/S = 2.0) under the same conditions. First, in the SCs, the winds bounced off the relatively high-rise Bc building at the z/S = 0.2 point of the first canyon towards the Bu building. Some of these winds escaped to the side of the Bc building and flew into the second canyon, forming a symmetrical portal vortex within the canyon. At z/S = 0.6, the wind velocity in the first canyon was weakened compared to that at z/S = 0.2, and the wind velocity field from the Bu building to the Bc building appeared at the point y/S = 0. In the second canyon, the turning radius of the symmetrical vortex became slightly more pronounced than at the z/S = 0.2 point. In the first canyon at z/S = 1.0, the movement of the wind field confirmed at z/S = 0.6 became stronger depending on the direction of the inflow passing through the roof area. In the second canyon, the shape of the portal vortex was similar to that generated at z/S = 0.2 and 0.6, with little difference in wind velocity. In the DCs, the overall pattern of the lower part was similar to that of the SC, but the wind velocity was relatively weak in the y-axis side area of the Bc building and the second canyon. A similar pattern was also observed at z/S = 0.6 and 1.0. While the wind velocity and wind field at all points were generally similar, the wind velocity and horizontal flow of the wind field were relatively weakened at z/S = 1.0 in the first canyon. The vertical range of the blocking area seemed to increase due to the rise in the height of the Bu and Bd buildings, thereby weakening the surrounding wind velocity. In particular, the SC z/S = 1.0 was greatly affected by the inflow of the roof area, but in the DC, the flow and wind velocity inside the canyon were weakened by various conditions around the canyon.




3.2. Vertical Wind Field and Velocity Component


Figure 4 shows the wind field and vertical velocity components (w) at the center and sides of the urban canyon in the x-z section. In the SC, a vertical vortex was created inside the canyon by colliding with the Bc building in the first canyon to form a strong downdraft, and in the upper part, a strong updraft was observed over the roof area of the Bc building. In the side section, the downdraft area inside the canyon was reduced compared to that in the central section, but the updraft generated at the side of the Bu building was relatively strengthened [16,25,26]. In the second canyon, an updraft from the Bd building to the Bc building appeared, and a large-area vortex was formed at the top of the canyon. In the side section, an updraft occurred in the same way as the vertical flow in the central section but, on the x-axis, a wind field from the building Bc towards the building Bd was observed, unlike that in the central section [26,28].



In the central section of the DC, formed as the variable building height increased, the downdraft in the first building canyon became stronger than that in the SC. Due to the expansion of the downdraft area, the flow was separated into the upper and lower areas of the Bu building. Furthermore, in the side section, the flow separation of the area did not occur, and the flow pattern was similar to the side section in the SC. In the second canyon, where the horizontal flow was dominant at the bottom of the canyon, an updraft developed in the roof area of the Bd building, forming a vortex at the lower part of the side section. This suggested that the increased depth of the canyon under the step-up to step-down condition led to the separation of vertical flow and vortex, and in the step-down canyon observed in the second canyon, the wind flowing in from the side seemed to move to the center, colliding with the Bd building to create an updraft towards the Bc building [17,26,28].



Figure 5 and Figure 6 show the wind field and vertical wind velocity component (w) in the y-z section for each canyon to examine the wind environment change on the y-axis side in SCs and DCs, respectively. In the first canyon of the SC, as seen in Figure 5a, a symmetrical updraft occurred based on the y/S = 0 point in the lower part on the side of the Bu building, with a downdraft generated in the upper part. In the area above the roof area of the Bu building, an upward airflow occurred in the upper part, with a downdraft in the lower part, exhibiting an overall pattern of flow separation. A downdraft was observed throughout the canyon in Figure 5b, depicting the center of the first canyon, with the flow of an updraft in the upper part and a downdraft in the lower part extending along the inflow direction at points above the roof area. In Figure 5c, depicting the side of the Bc building, the flow separation occurred due to collision with the Bc building, generating a strong updraft and downdraft at the top and bottom, respectively. As a result of the strengthening of the air flow, the expansion of the air flow moving out of the canyon area was observed. In the lower panel of Figure 5, depicting the second canyon, an updraft that went up the building surface of the Bc building was generated, and this updraft tended to flow toward the roof area of the Bd building as it approached the Bd building [28]. The portal vortex hitting the Bd building and heading towards the Bc building seemed to have been strengthened by the step-down canyon conditions, clearly generating an updraft [26,28].



Figure 6 depicts the DC conditions. In Figure 6a, a symmetrical updraft can be observed from the lower part of the Bu building to the side and upper parts with y/S = 0 as the center, and a downdraft in the center. In Figure 6b, depicting the central area of the canyon, an overall downdraft can be observed, and in Figure 6c, a strong downdraft can be observed when the inflow collides with the Bc building and flows into the canyon. In the second canyon, a weak updraft occurred in the lower part on the side of the Bc building, as shown in Figure 6d, but a relatively strong updraft was observed towards the upper part. As shown in Figure 6e,f, an updraft developed around the roof area of the Bd building towards the Bd building. This showed a similar pattern to the SC observed earlier and, in the area below the middle part on the side of the Bd building, horizontal flow was more dominant than vertical flow.





4. Step-Down to Step-Up Canyons


4.1. Horizontal Wind Field and Wind Speed


Figure 7 shows the change in the wind field and wind velocity field under the step-down to step-up condition of Case 2 for shallow and deep canons. First, in the lower canyon of the first canyon, where z/S = 0.2, as shown in Figure 7a, a symmetrical vortex was created based on the y/S = 0 point. In the second canyon, the wind that collided with the Bd building and moved towards the BC building collided again with the BC building, radiating to the outside of the canyon. It flew in the inflow direction depending on the wind direction around the canyon. At z/S = 0.6, as shown in Figure 7c, the pattern was similar to that of z/S = 0.2 in both the first and second building canyons, but the wind velocity field was relatively weakened with a decrease in the wind field radiating outwards from the second canyon, compared to that from the lower part. At z/S = 1.0, of Figure 7e, the complete form of the symmetrical vortex that was created in the lower areas (z/S = 0.2 and 0.6) of the first canyon was lost, which appeared to have been caused by a decrease in the amount of wind flowing into the canyon, as the flow towards the outside of the canyon at those heights became relatively stronger. In the second canyon, the flow inside the canyon appeared similar to the wind field in the first canyon, as the mobility of the wind radiating out of the canyon was reduced compared to that in the lower areas.



In the DC under the same conditions, were z/S = 0.2, as shown in Figure 7b, the wind flowing into the first canyon was relatively more than that in the SC, thereby increasing the wind velocity slightly. This phenomenon was also observed at z/S = 0.6 (Figure 7d) and at z/S = 1.0 (Figure 7f). In the second canyon, SCs and DCs showed similar trends at all points. As in Case 2, under the step-down to step-up condition showing the isolated form of the building, the tendency of the wind field was maintained as the variable building height increased, but the strength of the wind velocity flowing into the first canyon slightly increased.




4.2. Vertical Wind Field and Velocity Component


Figure 8 shows the x-z section of the central section (y/S = 0) and the side sections (y/S = −0.3 and 0.3) of the vertical wind field, as well as the vertical wind velocity components for Case 2. In Case 2, the Bc building was isolated and a roof-top canyon was additionally formed in the roof-top area of the Bc building. In the SC, the wind flowing in from the first canyon of the central section collided with the building Bc and was directed towards the building Bu. As the wind rose along the Bu building, the updraft was dominant in the canyon overall. Considering the horizontal flow on the side of the Bu building and the dominant upward airflow on the side of the Bc building in the canyon on the side section shown in Figure 8c, the updraft was strengthened as the winds gathered towards the center. On the contrary, in the central section of the second canyon, the downdraft appeared to be dominant. The wind that passed over the Bu building was not affected by the low Bc building; it moved towards the Bd building and collided with it, causing a blocking phenomenon as well as a strong downdraft. Due to this phenomenon, updrafts and downdrafts occurred in the side of the second canyon in the direction of the Bc and Bd buildings, respectively. As the characteristics of the first and second canyons were reflected in the roof-top canyon, a vertical vortex as wide as the canyon was formed. In particular, the vertical vortex generated in the roof-top canyon appeared to be similar to the characteristics generated in the general urban canyon conditions [15,18,28]. In the DC shown in Figure 8b,d, the features identified in the SC were found to expand as the depth of the canyon increased. While the rise in the height of the Bc building was shown to reduce the area of the roof-top canyon, thereby reducing the vertical range of the vertical vortex, the central axis of the vortex was found to remain unchanged.



Figure 9 and Figure 10 show the y-z section of each canyon under the Case 2 condition. In the first canyon, under the SC condition shown in the upper panel of Figure 9, an updraft occurred on the side of the Bu building; the updraft, in particular, was relatively strong at the upper part of the building wall. At the midpoint, the updraft was relatively weak. On the side of the Bc building, the wind converged to the y/S = 0 point to generate an updraft, and the vertical flow in the roof area was weakened, resulting in the horizontal flow. In the second canyon shown in the lower panel, an updraft occurred on both sides of the wall of the Bc building, and a downdraft was observed at the center. A downdraft generally developed at the midpoint, and the side of the Bd building was dominated by a relatively strong downdraft, except for an updraft at the upper part [26,35].



Under the DC condition shown in Figure 10, updrafts developed on the sides of the Bu and Bc buildings depending on the wall height in the first canyon shown in the upper panel. In particular, the wind diverged to the outside of the canyon at the sides of the Bu building, and the wind field converging towards the building at the Bc building was observed. In the second canyon shown in the lower panel, all aspects were similar to the SC in Case 2 except for the relatively stronger downdraft. When evaluated comprehensively, the isolation of the low-rise building from the high-rise building in a building group led to an updraft in the first canyon. In the second canyon, a downdraft was dominantly developed by the wind that passed directly over the isolated building from the high-rise building on the upwind side. Furthermore, Figure 9 and Figure 10, which show the wall convergence and divergence of the updraft in the building canyon, support the explanation of the updraft in the step-down canyon condition along with Figure 6 and Figure 7.



Overall, the step-down to step-up condition included all the features shown in the step-up to step-down condition, but the characteristics of the wind environment appearing under certain conditions were weakened in the simulation under the influence of the roof-top canyon formed due to the isolation of the Bc building.





5. Wind Velocity Component in Multiple Canyons


While the increase in the height of the Bc building was shown to reduce the area of the roof-top canyon, thereby reducing the vertical range of the vertical vortex, the central axis of the vortex remained unchanged. Figure 11 shows the ratio of inflow (convergence) and outflow (divergence) winds (maximum = 1.0) and the strength of the horizontal wind velocity components in the canyon as absolute values according to each condition. In the first canyon, the ratio of the inflow wind into the canyon was higher than that of the outflow wind under all conditions, and as for the horizontal velocity components (v), there was no significant difference in the control run (CTRL). However, in Case 1 (Step-up to down, SUD), the inflow wind velocity was greater than the outflow wind velocity in the SC and DC. In addition, in the SC and DC of Case 2 (Step-down to up, SDU), the outflow wind velocity was higher than the inflow wind velocity, and the ratio of inflow and outflow—as well as the horizontal velocity components (v)—showed a large difference under the Case 1 condition compared to the Case 2 condition. In the control run for the second canyon, the wind was stabilized, and the ratio of inflow and outflow and the difference in wind velocity components were not large. Unlike in the first canyon, the outflow ratio of the canyon wind was larger under the Case 1 condition. Considering that the ratio difference was not large in the first canyon, the ratio of the inflow wind was significantly higher under the Case 2 condition. Under all conditions except the control run condition, the trend of the wind velocity components was the opposite to that of the first canyon in terms of their magnitude.



In Figure 12, the ratio of the updraft and downdraft generated inside the canyon and the strength of the vertical wind velocity components are expressed based on [wind vertical velocity = 0 m/s] in terms of direction (+ and −) and magnitude. In Case 1 of the first canyon, the ratio of downdraft was dominant, whereas the ratio of updraft was found to be dominant in Case 2. Overall, the size of the updraft was similar, and it was confirmed that a strong downdraft occurred in Case 1 and a weak downdraft or no draft was formed in Case 2. In the second canyon, the updraft was dominant in Case 1 and the downdraft was dominant in Case 2, and the updrafts were similar under all conditions. In Case 1, a weak downdraft or no draft appeared, and in Case 2 the magnitude of the downdraft was relatively large.



To compare and analyze the overall average wind velocity formed in the urban canyon and the wind velocity change at the pedestrian height (about 2 m), the values according to each condition were expressed as a graph, as shown in Figure 13. In all cases of the first canyon, the wind velocity at the pedestrian level was higher than the average wind velocity in the canyon, with no significant difference between the average wind velocity in the canyon and the wind velocity at the pedestrian level under the control run and Case 2 conditions. Under the Case 2 condition, the wind velocity difference was relatively large and, in particular, the difference was the largest in the DC. In the second canyon, the average wind velocity in the canyon and the wind velocity at the pedestrian level were generally at similar levels in terms of magnitude. Unlike in the first canyon, the wind velocity at the pedestrian level was equal to or lower than the average wind velocity in the canyon of Case 1. When a step-down canyon is formed, the overall wind velocity may decrease and, as in Case 2, the step-down to step-up isolation may lead to the formation of a roof-top canyon as the space of the canyon located within the condition is widened, leading to a decrease in the wind velocity itself.




6. Summary and Conclusions


In this study, we aimed to evaluate the wind environment generated in step-up and step-down urban canyons, formed according to the aspect ratio and structure of the building group in multiple canyons. Accordingly, spatial structural conditions in the step-up to step-down and step-down to step-up forms were evaluated according to the location of high-rise buildings, and computational numerical experiments were performed to compare and analyze wind changes in SCs and DCs by varying the heights of the aspect ratios of the buildings. Using the CFD model as the numerical model, each simulation was performed according to the suggested conditions, demonstrating that the wind environment varied according to the location and height of the fixed high-rise building and the variable buildings.



Under the step-up to step-down condition, the wind velocity inside the canyon weakened towards the upper part of the canyon. With the exception of only the first canyon of the SC, the wind velocity was found to increase in the roof area under the influence of the inflow wind. Additionally, in the first canyon of the SC, a vertical vortex was generated, whereas in the DC vertical flow separation was observed, with a dominant downdraft in all cases. An updraft occurred in the second canyon and, in the DC, the upward flow inside the canyon was weaker than in the SC. Under the step-down to step-up condition, the horizontal flow and wind velocity in the SCs and DCs showed similar patterns. Unlike the step-up to step-down condition, there was no significant difference in wind velocity towards the upper part. In particular, following the isolation of the central building, a tertiary roof-top canyon was formed above the roof of the central building. In the roof-top canyon, the characteristics occurring in both the first and second canyons were observed, and the overall wind velocity was weakened under the step-down to step-up condition compared to that under the step-up to step-down condition due to the formation of this canyon.



As for the inflow and outflow winds of the canyon, the horizontal inflow wind velocity was greater than the horizontal outflow wind velocity in the SC and DC of Case 1 (step-up to down, SUD). In SC and DC of Case 2 (step-down to up, SDU), the horizontal outflow wind velocity was higher than the horizontal inflow wind velocity. Under the Case 1 condition of the second canyon, the ratio of the outflow wind was higher in the canyon, whereas under the Case 2 condition, the ratio of the inflow wind was significantly higher, unlike the smaller difference in the ratio of the first canyon. As for the vertical wind velocity components (w), the flow rate in the canyon was similar under each condition, with similarities in the step-up and step-down canyon structures, but the strength and detailed flow of airflow were different. In addition, while wind speeds were generally similar under all conditions, pedestrian-level wind speeds were relatively high in the first canyon in the SUD condition.



In this study, as the aspect ratio of variable buildings with low heights increased compared to that of high-rise buildings; various phenomena were observed inside the step-up canyon, such as vortices, the domination of specific airflows, and the separation of airflows; and various wind environments were generated according to a series of conditions, such as the isolation of the variable building. Through this, it was possible to evaluate the changes in the wind environment that occurred simultaneously in the canyons formed throughout the urban environment. This suggests the importance of structural arrangement and setting the appearance ratio. Therefore, the appearance ratio and quantification figures of multiple canyons presented in this study is expected to contribute to the basic data for evaluating inflow and outflow winds, vortex formation, and vertical airflow development in varied conditions of urban structures. In addition, this information can help interpret and evaluate the wind environment according to various variable conditions of urban canyons, such as the evaluation of the wind environment isolated from high-rise buildings in the actual urban environment. However, this study was an experimental design under ideal conditions that did not apply the parameters of wind speed, wind pressure, or wind coefficients reflecting actual urban weather. A difference in wind environment conditions is expected when applied to an actual complex urban environment [38,39,40,41,42,43], and further research is needed for a comprehensive understanding of wind dynamics.
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Figure 1. Streamlines and contours of the normalized vertical wind component measured by Addepalli and Pardyjak (2013) [24] (a,c) and simulated by Park and Kim et al. (2020) [25] (b,d) in shallow canyons (upper panel) and deep canyons (lower panel). 
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Figure 2. Computational domain and buildings configuration. 
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Figure 3. Wind field and wind speed of step-up to step-down (Case 1) in the shallow canyons (left panel) and deep canyons (right panel). (a,b) z/S = 0.2; (c,d) z/S = 0.6; (e,f) z/S = 1.0. 
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Figure 4. Wind field and vertical wind component of y/S = 0 (upper panel) and y/S = [0.3 and −0.3] (lower panel) with numerical simulations in the cases of the shallow canyon (a,c) and the deep canyon (b,d). 
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Figure 5. Wind field and vertical wind components of the first canyon (upper panel) and the second canyon (lower panel); x/S = −1.4 (a), −1.0 (b), −0.6 (c), 0.6 (d), 1.0 (e), 1.4 (f) with numerical simulations for step-up to step-down canyons; shallow canyons. The windward buildings (red dotted box); leeward buildings (blue dotted box) of each canyon. 
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Figure 6. Wind field and vertical wind components of the first canyon (upper panel) and the second can-yon (lower panel); x/S = −1.4 (a), −1.0 (b), −0.6 (c), 0.6 (d), 1.0 (e), 1.4 (f) with numerical simulations for step-up to step-down canyons; deep canyons. The windward buildings (red dotted box); leeward buildings (blue dotted box) of each canyon. 
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Figure 7. Wind field and wind speed of step-up to step-down (Case 1) in the shallow canyons (left panel) and deep canyons (right panel); (a,b) z/S = 0.2; (c,d) z/S = 0.6; (e,f) z/S = 1.0. 
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Figure 8. Wind field and vertical wind component of y/S = 0 (upper panel) and y/S = 0.3 and −0.3 (lower panel) with numerical simulations in the cases of shallow canyons (a,c) and deep canyons (b,d). 
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Figure 9. Wind field and vertical wind component of the first canyon (upper panel) and the second canyon (lower panel); x/S = −1.4 (a), −1.0 (b), −0.6 (c), 0.6 (d), 1.0 (e), 1.4 (f) with numerical simulations in the case of step-down to step-up canyons; shallow canyons. The windward buildings (red dotted box); leeward buildings (blue dotted box) of each canyon. 
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Figure 10. Wind field and vertical wind component of the first canyon (upper panel) and the second canyon (lower panel); x/S = −1.4 (a), −1.0 (b), −0.6 (c), 0.6 (d), 1.0 (e), 1.4 (f) with numerical simulations in the case of step-down to step-up canyons; deep canyons. The windward buildings (red dotted box); leeward buildings (blue dotted box) of each canyon. 
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Figure 11. Changes in wind field direction of the inflow and outflow for the in-canyon region with wind horizontal velocity in the (a) first canyons and (b) second canyons. 
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Figure 12. Changes in magnitude of the updraft and downdraft averaged over the in-canyon region with normalized vertical draft ratio in the (a) first canyons and (b) second canyons. 
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Figure 13. Averages of the windspeed of the in-canyon regions of the (a) first canyons and (b) second canyons. 
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Table 1. Summary of the experiment conditions of building aspect ratio in urban canyons.
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Experiments

	
z/S

	
Appellation

(Classification)




	
Bu

	
Bc

	
Bd






	
CTRL

	
1.0

	
1.0

	
1.0

	
Identical Urban Canyons




	
Step-up to step-down Canyons

(Case 1)

	
1.0

	
3.0

	
1.0

	
Shallow Urban Canyons




	
2.0

	
3.0

	
2.0

	
Deep Urban Canyons




	
Step-down to step-up Canyons

(Case 2)

	
3.0

	
1.0

	
3.0

	
Shallow Urban Canyons




	
3.0

	
2.0

	
3.0

	
Deep Urban Canyons
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