

  wind-03-00007




wind-03-00007







Wind 2023, 3(1), 97-114; doi:10.3390/wind3010007




Article



Wind Tunnel Experiments on Interference Effects of a High-Rise Building on the Surrounding Low-Rise Buildings in an Urban Block



Yasuyuki Ishida 1,*[image: Orcid], Akihito Yoshida 2, Shuhei Kamata 1, Yuta Yamane 1 and Akashi Mochida 1





1



Department of Architecture and Building Science, Graduate School of Engineering, Tohoku University, 6-6 Aoba, Aramaki, Aoba-ku, Sendai 980-8579, Miyagi, Japan






2



Architecture Course, Faculty of Engineering, Tokyo Polytechnic University, 5-45-1 Iiyamaminami, Atsugi 243-0297, Kanagawa, Japan









*



Correspondence: yasuyuki.ishida.e1@tohoku.ac.jp







Academic Editor: Firoz Alam



Received: 21 December 2022 / Revised: 3 February 2023 / Accepted: 13 February 2023 / Published: 21 February 2023



Abstract

:

High-rise buildings cause accelerated winds around them. However, the interference effects of high-rise buildings on the surrounding low-rise buildings in urban blocks have not been evaluated. This study investigated the wind pressure coefficients on the roofs and walls of low-rise buildings surrounding a high-rise building through wind tunnel experiments. Seventy-two wind directions were considered from 0° to 355° in 5° increments, and the influence of the wind direction on the wind pressure coefficients of surrounding buildings was evaluated. At a 30° wind direction angle, the positive and negative peak wind pressure coefficients occurred in a low-rise building at the leeward side of the high-rise building. The positive peak pressure, approximately 1.4 times that without a nearby high-rise building, occurred at the windward corner on the front wall of a low-rise building. The negative peak value, approximately three times that without a nearby high-rise building, was observed at the windward edge on the roof of a low-rise building. Thus, accelerated winds caused by high-rise buildings may result in unexpected damage to the surrounding low-rise buildings.
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1. Introduction


Wind loads are among the essential factors considered in the structural design of high-rise buildings worldwide. Wind pressure acting on high-rise buildings has been evaluated through wind tunnel experiments [1,2,3,4,5] and computational fluid dynamics (CFD) simulations [6,7,8].



High-rise buildings cause strong winds in the surrounding pedestrian spaces. Many studies on their extent and statistical characteristics have been conducted. Xu et al. [9] performed wind tunnel experiments on a single high-rise building of various shapes and sizes to comprehensively investigate the intensity and extent of strong winds generated in the surrounding pedestrian area by a high-rise building. It was reported that the width of the lower part of the high-rise building and the modification of the building corner have a significant influence on the pedestrian-level winds. Murakami et al. [10] reported that a locally stronger wind velocity occurs when low-rise buildings exist around a high-rise building than when a high-rise building stands alone. van Druenen et al. [11] systematically analyzed the reduction effect of strong winds by canopies, podiums, and permeable floors using CFD analysis, and the influence of the morphology of high-rise buildings on the reduction effect was indicated quantitatively. These studies focused on predicting strong winds generated by high-rise buildings in pedestrian spaces, and the development of relevant countermeasures remains as a key focus in wind engineering.



Furthermore, considering how high-rise buildings change the flow field around them, many studies have been conducted to investigate the interference effect of a high-rise building. The aerodynamic response of the target building to be evaluated is altered by the presence of a high-rise building around the target building [12]. Bailey and Kwok [13] investigated the relationship between the location and morphology of an interfering high-rise building and the overturning moment of a target building through wind tunnel experiments. Kim et al. [14,15] and Hui et al. [16] analyzed the interference effects between two high-rise buildings, including the local peak wind pressure on the wall surface. In addition, the influence of the morphology of the interfering high-rise building on the aerodynamic response of the target building was analyzed. Xie et al. [17] analyzed the interference effects of three high-rise buildings through wind tunnel experiments. Lam et al. [18] analyzed the aerodynamic response, surface pressure, and flow field for conditions with only one and multiple interfering buildings. In high-density urban areas, it is assumed that the flow field generated by high-rise buildings affects the low-rise buildings surrounding high-rise buildings. Chen et al. [19] performed wind tunnel experiments for several cases in which the height of the interference building and distance between the interference building and target building were systematically varied. When the interference building was taller than the target building, and the distance between them was small, the positive pressure acting on the roof surface of the target building was high when the high-rise building was at the leeward side of the lower target building. This was because of the downflow generated by the high-rise building. The negative pressure value acting on the roof surface of the target building increased when the high-rise building was at the windward side of the target building. Chen et al. [20] performed wind tunnel experiments to evaluate the interference effect of a super-high-rise building on a high-rise building. They found that the overall aerodynamic forces and acceleration responses of the target building increased significantly when the super-high-rise building was at the windward side of the target high-rise building owing to the induced airflow deflection and vortex shedding. Additionally, they found that the interference effects of a super-high-rise building on the surrounding buildings cannot be ignored in high-density urban areas.



As mentioned in the two paragraphs above, these previous studies analyzed the influence of a high-rise building on the surrounding wind environment within an urban block and the interference effect of high-rise buildings on a certain building around them. However, the interference effects of a high-rise building on the surrounding low-rise buildings in an urban block have not yet been sufficiently investigated. Additionally, the influence of the distance from a high-rise building on the wind pressure acting on a low-rise building has not been analyzed systematically. This study performed wind tunnel experiments under the conditions of a single high-rise building in a low-rise urban block with cube-shaped building models with a 25% gross building coverage ratio to measure wind pressure on low-rise buildings surrounding the high-rise building.



The remainder of this paper is organized as follows: Section 2 presents the outlines of the wind tunnel experiments and evaluation indices used in the current study; Section 3 presents the results of the measurements and discussion; and Section 4 presents the conclusions of the study.




2. Outlines of Wind Tunnel Experiments


2.1. Experimental Models


Wind tunnel experiments were performed using 1/200 geometric-scale models. As shown in Figure 1, the pressure measurement model was a 0.15 m cube, and 100 (10 × 10) and 64 (8 × 8) pressure taps were installed on the roof surface and other surfaces, respectively, totaling 356 pressure taps. An 800-mm-long vinyl tube with an inner diameter of 1.4 mm was connected to each pressure tap for pressure measurement. The effects of the tubing system on the measured pressures were eliminated by applying a transfer function and phase delays. The test model for wind pressure measurement (orange in Figure 2) was fixed at the center of the turntable, and dummy building models (blue in Figure 2) of the same size were set around it as the test models with a 25% gross coverage ratio.



In this urban block, the experiments were performed for six cases: five cases with one high-rise building (depth and width of 150 mm and height of 750 mm, five times the height of the test model for wind pressure measurement) at locations 1–5 in Figure 2, and one case without a high-rise building (Case 0). Table 1 lists the experimental cases, and Figure 3 shows a photograph of the experimental models installed in the wind tunnel in Case 1.




2.2. Experimental Conditions


The wind tunnel experiments were performed in a boundary-layer wind tunnel at the Tokyo Polytechnic University, Japan. The test section of the wind tunnel was 2.2 m wide, 1.8 m high, and 19 m long. The range of blockage ratio in this study was 5% at a wind direction of 0°. Although the ratio at the wind direction of 45° was approximately 7%, which is not a small value, there was no correction for values in this study. In this study, the flow of the atmospheric boundary layer in the wind tunnel was interpreted at a geometrical scale of approximately 1/200. Approach flow profiles were created using the upwind roughness elements. The approach flow represented urban wind exposure with a power law exponent of 0.2, a suburban wind exposure corresponding to terrain category III [21]. A velocity scale of 1/6 and time scale of 3/100 were assumed. The wind velocity and turbulence intensity at the roof height of the pressure measurement model were approximately 6.5 m/s and 20%, respectively. Figure 4 shows the vertical distributions of the mean wind velocity and turbulent intensity and the power spectrum density of the fluctuating wind velocity of the approach flow. Seventy-two wind directions were considered from 0° to 355° in 5° steps. The pressures of all taps were measured simultaneously with a sampling frequency of 800 Hz and low-pass-filtered with a cutoff frequency of 300 Hz, cascaded in each data acquisition channel to eliminate aliasing effects. The sampling time was 20 s (10 min on a full-time scale), and 10 samples were obtained. The tubing effects were numerically compensated for by the gain and phase-shift characteristics of the pressure measurement system [22].



The mean wind velocity at the roof height of the pressure measurement model,      u H   ¯   , was used to obtain the reference velocity pressure,      q H   ¯   . The velocity ratio between the heights of 150 mm and 1200 mm obtained without the building models on the turntable was calculated using a pitot tube to determine the mean wind velocity at the roof height of 150 mm,      u H   ¯   .      u H   ¯    in each experimental case was obtained using the calculated velocity ratio and wind velocity at a height of 1200 mm measured in each case.      q H   ¯    was used to obtain the instantaneous pressure coefficients. Moving averages corresponding to 0.0067 s (0.2 s on the full-time scale) were applied to instantaneous pressures to obtain the sample statistics [23]—in other words, the mean, fluctuating, maximum peak, and minimum peak coefficients for 600 s on the full-time scale. Finally, an ensemble average of ten samples was applied to each coefficient.



The formulas for calculating the wind pressure coefficients are shown below:


   C p  =    p i       q H   ¯    ,  



(1)






     q H   ¯  =   ρ      u H   ¯   2   2  ,  



(2)






     C p   ¯  =  1 n    ∑   i = 1  n   C p   ( i )  ,  



(3)






  p e a k  C p  =  1  10     ∑   n = 1   10   p e a k  C p   ( n )  ,  



(4)






   C p    ′  =    σ p       q h   ¯    ,  



(5)






   σ p  =    1 n    ∑   i = 1  n     (   p i  −  p ¯   )   2    ,  



(6)




where    C p    [-] is the wind pressure coefficient at each tap of the wind pressure measurement model,    p i    [N/m2] is the wind pressure at each tap,      q H   ¯    [N/m2] is the reference velocity pressure at 150 mm,  ρ  [kg/m3] is the air density,      u H   ¯    [m/s] is the mean wind velocity at 150 mm,      C p   ¯    [-] is the mean wind pressure coefficient,   p e a k  C p   ( n )    [-] is the maximum or minimum wind pressure coefficient at each tap for each sample,  n  [-] is the number of samples,    C p    ′    [-] is the fluctuating pressure coefficient at each tap,    σ p    [N/m2] is the standard deviation of the wind pressure value at each tap, and   p ¯   [N/m2] is the mean wind pressure at each tap.





3. Results and Discussion


3.1. Comparison with a Previous Experiment on an Isolated Cube Building


In this subsection, the wind pressure coefficients for an isolated cube building in the present study are compared with those in the database established by the Wind Engineering Research Center of Tokyo Polytechnic University [24]. The experimental conditions for this database are as follows. The geometric scale was set to 1/100. A velocity scale of 1/3 and a time scale of 3/100 were assumed. The turbulence intensity at the roof height of the pressure measurement model was approximately 25%. Suburban terrain corresponding to terrain category III [21] was chosen as the wind field. The sampling frequency was 500 Hz. The sampling time was 18 s and 10 samples were obtained for each case. The database is publicly available, and one of the 10 samples of time series of wind pressure coefficients at each tap for each case of 0° to 90° in 15° steps can be downloaded.



Figure 5 shows the surface distributions of each wind pressure coefficient at a wind direction of 0°.



As shown in the results for the mean wind pressure coefficient      C p   ¯   , the surface distribution in this study was generally similar to that in the database, although a slightly lower negative pressure occurred on the roof and side 1 and 2 surfaces than in the database. As shown in Figure 5d,e, the distributions of positive   p e a k  C p    were generally similar for both. As for the distributions of the negative   p e a k  C p   , the values on the roof and side 1 and 2 surfaces in the database were approximately 20% larger than those in the present study. The main cause of the difference seems to be the ensemble averaging not being applied to the database results, since only one of 10 samples was publicly available. On the other hand, the regions with a large negative   p e a k  C p    on each surface were similarly distributed in both results; therefore, the data obtained in the current experiments seem to be acceptable for analysis. It is noted that the maximum value of positive   p e a k  C p    and the minimum value of negative   p e a k  C p    among all taps for all wind directions for an isolated cube building model in this study were 3.0 [-] and −8.0 [-], respectively.




3.2. Variations in   p e a k  C p    for Wind Direction and Location of a High-Rise Building


Figure 6 shows variations in the maximum values of positive   p e a k  C p    and minimum values of negative   p e a k  C p    among all taps for the wind directions and location of a high-rise building. For the positive   p e a k  C p   , higher values were obtained at approximately 30° (330°) and 65° (295°) in Case 2, wherein a high-rise building was next to the pressure measurement model, as shown in Figure 2b. These values were approximately 3.3 [-], which was approximately 10% higher than the result for an isolated cube building, as shown in the previous subsection. In Case 5, wherein a high-rise building was relatively far from the pressure measurement model, the values were close to those of Case 2 at wind directions of 30° and 65°. Case 3 and Case 4 showed a value of approximately 3.0 [-] at a wind direction of approximately 45°. The values in Case 1 did not differ significantly from those in Case 0 (no high-rise building), indicating that the influence of the high-rise building was small. As shown in Figure 6b, Case 2 had large negative   p e a k  C p    values at a 30° (330°) wind direction, approximately three times larger than those in Case 0 (no high-rise building) and approximately 18% larger than the result for an isolated cube building. It is noted that the tap with the maximum value of the positive   p e a k  C p    was found on a different vertical wall surface depending on the wind direction, and the minimum value of the negative   p e a k  C p    occurred generally on the roof surface.



In summary, the absolute values of both positive and negative   p e a k  C p    were high, particularly in Case 2. Positive pressure was large at the 30° and 65° wind directions, whereas negative pressure was large at a 30° wind direction.




3.3. Wind Pressure Coefficient Distributions


This subsection presents the surface distributions of each wind pressure coefficient for Case 2, where the   p e a k  C p    values were large among all the cases in the previous section.



3.3.1. Wind Pressure Coefficients at 30° Wind Direction in Case 0 and Case 2


This subsection presents the surface distributions of each wind pressure coefficient for the wind direction condition of 30°, where both the positive and negative   p e a k  C p    were large. For comparison, the results for 0° in Case 2 and for 0° and 30° in Case 0 are shown.



Figure 7 shows the results of the mean wind pressure coefficient,      C p   ¯   . Comparing the results of Case 0 and Case 2 for a 0° wind direction, the negative pressure on the windward side of the roof surface of the pressure measurement model in Case 0 was intensified in Case 2, and the maximum value in the roof surface was approximately doubled. In addition, the negative pressure areas on sides 1 and 2 and the leeward surfaces of the test model for wind pressure measurement expanded. On the windward surface, the positive pressure region changed from the edge closer to the roof surface in Case 0 to the edges closer to the side 1 and 2 surfaces in Case 2. Moreover, a weak negative pressure appeared on the edge closer to the roof surface. Comparing the results for wind directions of 0° and 30°, the negative pressure region changed in Case 0; however, the change was not substantial. By contrast, a strong negative pressure occurred locally at the windward corner of the roof surface in Case 2. In addition, a higher positive pressure with a value close to 1.0 [-] occurred near the upper windward corner of the windward surface. The downwash flow by the high-rise building impinging on the test model generated a strong separation flow. This may have resulted in the high negative pressure at the roof surface.



Figure 8 shows the distributions of the positive   p e a k  C p    (spatial distributions of the positive   p e a k  C p    at each tap). Comparing the results for the 0° and 30° wind directions in Case 0, on the windward surface, the higher-value region close to the roof surface and the upper side of the side 1 and 2 surfaces shifted toward the side 2 surface, the direction from which the wind was blowing at a 30° angle. The maximum values of the surfaces changed only slightly. Comparing Case 0 and Case 2 with a 0° wind direction, the value in the region close to the roof surface on the windward surface in Case 2 was smaller than that in Case 0, and higher values in Case 2 occurred close to the side 1 and 2 surfaces. In Case 2, it was assumed that the positive pressure caused by the incoming wind impinging on the area closer to the roof surface of the windward surface of the test model was weakened by the blocking effect of the high-rise building at the windward side of the test model. It was also assumed that the downwash flow caused by the high-rise building entered the leeward side of the high-rise building, resulting in higher values when the flow impinged on the windward surface closer to side 1 and side 2. The maximum values on the windward surfaces were 2.2 [-]. Although the positive pressure action region changed, the maximum values changed only slightly. Comparing the wind directions of 0° and 30° in Case 2, it was observed that the trend for the area with high values on the windward surface moved toward side 2, where the direction from which the wind was blowing was the same as that in Case 0. However, under the 30° wind direction condition, the maximum value on the surface increased approximately 1.4 times from 2.4 [-] in Case 0 to 3.2 [-] in Case 2. This was presumably owing to the downwash flow generated by the high-rise building acting directly on the pressure measurement model.



Figure 9 shows the distributions of the negative   p e a k  C p    (spatial distributions of the negative   p e a k  C p    value at each tap). As shown in the figures comparing the influence of wind direction in Case 0, at a 0° wind direction, relatively large negative pressures of approximately −2.2 [-] on the roof surface and −1.6 [-] and −1.8 [-] on side 1 and side 2 occurred. In both wind directions, high absolute values were observed along the windward edge lines. As with the positive   p e a k  C p    distributions, the absolute values changed little in both wind directions. At a 0° wind direction in Case 2, all surfaces had negative pressures of approximately 1.5 to 3 times those of Case 0. A locally strong negative   p e a k  C p    was observed at the windward corner of the roof surface with values of approximately −4.0 [-]. Comparing Case 0 and Case 2 with a 30° wind direction, it was observed that the high-rise building caused a strong negative   p e a k  C p    of −8.6 [-] locally at the windward corner of the roof surface, with a value approximately three times larger than that in Case 0. This might be because of the downwash flow caused by the high-rise building impinging on the pressure measurement model and the strong separation at the roof surface. In addition, a high-value area of approximately −4.2 [-] was also observed near the windward side of the ground surface on side 1.



Figure 10 shows the distributions of the fluctuating pressure coefficient,    C p    ′   . The values were small for both the 0° and 30° wind directions in Case 0. The values were relatively high in the region with a high mean wind pressure coefficient,      C p   ¯   , as shown in Figure 7. The region with relatively high values in Case 2 was similar to that in Case 0, but the values were higher. In particular, at a 30° wind direction, the value at the windward corner of the roof surface, where a large negative   p e a k    C p    occurred (Figure 9), was high compared with that in the other conditions, close to 1.0 [-]. This indicates large fluctuations in the values. The values in the region where high positive   p e a k  C p    values were identified in Figure 8 were approximately 0.4 [-], smaller than the values at the windward corners of the roof surface.



The distributions of the wind pressure coefficients when the maximum and minimum   p e a k  C p    occurred among all taps were obtained for all 10 samples. Figure 11 shows the ensemble-averaged results. Figure 11 confirms that when the maximum negative   p e a k  C p    occurred at the windward corner of the roof surface, the positive   p e a k  C p    on the windward surface had a high value simultaneously.




3.3.2. Wind Pressure Coefficients at a 65° Wind Direction in Case 0 and Case 2


This subsection presents the surface distributions of the wind pressure coefficients for Case 0 and Case 2, where the positive   p e a k  C p    was large for a 65° wind direction in Case 2. Note that the results for wind direction 0° show the same figure as in Section 3.3.1. Regarding the notation of each surface of the pressure measurement model in this section, the windward surface under the 65° wind condition corresponds to the position of the side 2 surface with a 0° wind direction; thus, the position of the windward surface changed under the 65° wind direction condition, as shown in (d) of each figure in this section. The new surfaces, referred to as side 3 and side 4, were established for the 65° wind direction condition. Note that the positions of the windward and leeward surfaces and surface names differ for the 0° and 65° wind directions.



Figure 12 shows the results of the mean wind pressure coefficient      C p   ¯   . According to the results for Case 0 with a 65° wind direction, similar to the results with a 30° wind direction (Figure 7 in Section 3.3.1), the negative pressure region on the roof surface occurred in the direction from which the wind blew, and a positive pressure region was generated on the windward side wall. Moreover, their values did not change significantly from the 0° results. Comparing Case 0 and Case 2 with a 65° wind direction, the positive and negative pressure regions were approximately equal; however, the absolute values both increased owing to the influence of the high-rise building. The maximum positive pressures on the windward surface were 0.2 [-] and 0.6 [-] in Case 0 and Case 2, respectively. The minimum negative pressures on the roof surface were −0.6 [-] and −1.2 [-] in Case 0 and Case 2, respectively.



Figure 13 shows the distributions of the positive   p e a k  C p   . As shown in the result of Case 0 with a 65° wind direction, similar to the result with a 30° wind direction (Figure 8), the region of the higher-value area on the windward surface occurred close to the roof surface and upper side close to the side 3 surface, the direction from which the wind was blowing at a 65° wind direction; however, the maximum values in the surfaces changed minimally. In the result of Case 2 with a 65° wind direction, a strong positive   p e a k  C p    appeared closer to the roof surface on the windward surface and near the ground on the side 3 surface. The high value of approximately 3.0 [-] near the ground on the side 3 surface was presumed to be the direct impact of the downwash flow generated by a high-rise building.



Figure 14 shows the distributions of the negative   p e a k  C p   . As shown in the figures comparing the influence of the wind direction in Case 0, relatively large negative pressures of approximately −2.2 [-] on the roof surface and −1.6 [-] and −1.8 [-] on side 1 and side 2 occurred at a 0° wind direction. Under both wind direction conditions, high absolute values were observed along the windward edge lines. As with the positive   p e a k  C p    distributions, the absolute values changed minimally in both wind directions. At the 0° wind direction in Case 2, all surfaces had negative pressures of approximately 1.5 to 3 times those in Case 0. A locally strong negative   p e a k  C p    was observed at the windward corner of the roof surface with values of approximately −4.0 [-]. Comparing Case 0 and Case 2 with a 30° wind direction, it can be observed that the high-rise building caused a strong negative   p e a k  C p    of −9.4 [-] locally at the windward corner of the roof surface. This might be because of the downwash flow caused by the high-rise building impinging on the pressure measurement model and the strong separation at the roof surface. In addition, a high-value area of approximately −4.2 [-] was also observed near the windward side of the ground surface on side 1.



Figure 15 compares the distributions of the fluctuating pressure coefficient    C p    ′   . In Case 0, the values were relatively high in the region of the relatively large absolute value of mean wind pressure coefficient      C p   ¯   , as shown in Figure 12, similar to the result of the 30° wind direction condition. Under the 65° wind direction condition in Case 2, the    C p    ′    in the region of the large negative   p e a k  C p    was relatively high; however, the    C p    ′    in the region of the large positive   p e a k  C p    was smaller. Thus, it was found that the strong negative wind pressure fluctuated significantly, whereas the positive wind pressure was relatively constant.






4. Conclusions


This study investigated the impact of a high-rise building on the wind pressure acting on the surrounding low-rise buildings through wind tunnel experiments. The experiments were performed under the condition that one high-rise building, five times taller than other building models, was built in an ideal urban block with a gross building coverage ratio of 25%. Seventy-two wind directions were considered from 0° to 355° in 5° increments.



At a 30° wind angle direction, strong positive and negative peak wind pressures occurred in a low-rise building at the leeward side of the high-rise building. In particular, the high-rise building caused an extremely strong negative peak wind pressure coefficient of −9.4 [-] locally at the windward corner of the rooftop surface, approximately three times larger than that in the case without high-rise buildings. The fluctuating pressure coefficient in the region of high negative peak wind pressure was high at approximately 1.0 [-] compared with those in the other conditions, indicating large fluctuations. This might be because of the effect of the downwash flow caused by the high-rise building impinging on the pressure measurement model and the strong separation at the rooftop surface. Under the 65° wind angle condition, a positive peak wind pressure of approximately 3.0 [-] occurred on the windward surface, similar to that under the 30° wind angle condition. The fluctuating pressure coefficient in the region where the high positive peak wind pressure coefficient was approximately 0.4 [-] was small compared with that in the region where strong negative wind pressure occurred. Thus, the strong positive wind pressure was relatively constant.



The results indicate that high-rise buildings cause high negative pressure locally on the rooftop surface of the surrounding low-rise buildings, creating a severe risk of associated unexpected exterior material damage. This study extracted and quantified these impacts. As future considerations based on the results of this study, it will be attempted to identify the causes of the locally high wind pressure acting on low-rise buildings around a high-rise building by analyzing the response of the flow and vortex generated by the high-rise building [25,26] to the wind pressure on the low-rise buildings.
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Figure 1. Pressure taps: (a) test model for wind pressure measurement; (b) pressure taps on roof surface; (c) pressure taps on side surfaces. 
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Figure 2. Building models and their placement on the turntable: (a) size of building models; (b) model placement on the turntable (orange: test model for wind pressure measurement, blue: dummy models, number: location of a high-rise building in each case). 
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Figure 3. Photo of the experimental models installed in the wind tunnel of Case 1. 
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Figure 4. Characteristics of approach flow: (a) mean wind velocity; (b) turbulent intensity; (c) power spectrum density. 
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Figure 5. (a) Prevailing wind direction; (b) mean wind pressure coefficient      C p   ¯    at wind direction of 0° in this study; (c) mean wind pressure coefficient      C p   ¯    at wind direction of 0° in previous study [24]; (d) positive   p e a k  C p    at wind direction of 0° in this study; (e) positive   p e a k  C p    at wind direction of 0° in previous study [24]; (f) negative   p e a k  C p    at wind direction of 0° in this study; (g) negative   p e a k  C p    at wind direction of 0° in previous study [24]. 
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Figure 6. Variations in maximum values of positive   p e a k  C p    and minimum values of negative   p e a k  C p    among all taps for wind directions and locations of a high-rise building; (a) positive   p e a k  C p   ; (b) negative   p e a k  C p   . 
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Figure 7. Mean wind pressure coefficient,      C p   ¯   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 30° in Case 0; (f) wind direction of 30° in Case 2. 
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Figure 8. Positive   p e a k  C p   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 30° in Case 0; (f) wind direction of 30° in Case 2. 
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Figure 9. Negative   p e a k  C p   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 30° in Case 0; (f) wind direction of 30° in Case 2. 
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Figure 10. Fluctuating wind pressure coefficient    C p    ′   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 30° in Case 0; (f) wind direction of 30° in Case 2. 
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Figure 11. Instantaneous wind pressure coefficient distributions when the maximum and minimum value occurs among all taps in the condition of 0° wind direction; (a) building model arrangement and prevailing wind direction; (b) distribution when the maximum value of positive   p e a k  C p    occurs among all taps; (c) distribution when the minimum value of positive   p e a k  C p    occurs among all taps. 
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Figure 12. Mean wind pressure coefficient      C p   ¯   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 65° in Case 0; (f) wind direction of 65° in Case 2. 
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Figure 13. Positive   p e a k  C p   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 65° in Case 0; (f) wind direction of 65° in Case 2. 
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[image: Wind 03 00007 g013a][image: Wind 03 00007 g013b]







[image: Wind 03 00007 g014a 550][image: Wind 03 00007 g014b 550] 





Figure 14. Negative   p e a k  C p   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 65° in Case 0; (f) wind direction of 65° in Case 2. 
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Figure 15. Fluctuating wind pressure coefficient    C p    ′   ; (a) building model arrangement and prevailing wind direction for (b,c); (b) wind direction of 0° in Case 0 with no high-rise building; (c) wind direction of 0° in Case 2 with a high-rise building next to the pressure measurement model; (d) building model arrangement and prevailing wind direction for (e,f); (e) wind direction of 65° in Case 0; (f) wind direction of 65° in Case 2. 
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Table 1. Experimental cases.
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	Case Name
	Location of a High-Rise Building

(The Number in Figure 2)





	Case 0
	Uniform height (No high-rise building)



	Case 1
	1



	Case 2
	2



	Case 3
	3



	Case 4
	4



	Case 5
	5
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