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Abstract

:

A case study in an old city district with hot-humid climatic conditions in Wuhan, China was conducted to explore the potential renewal strategies favorable to the local residents and pedestrians. For this purpose, a comprehensive mathematical model considering the parameters such as ambient crosswind, solar radiation, natural convection, and a previously established heat transfer mechanism was employed to analyze the fluid flow and heat transfer characteristics of the study area. In addition, in the urban renewal process, five alternative renewal strategies, namely, Central Demolition (CD) Plan, Edge Demolition (ED) Plan, Wedge Shape Demolition (WSD) Plan, “L” Shape Demolition (LSD) Plan, and Cross Shape Demolition (CSD) Plan, were adopted to improve the thermal and ventilation environment of Wuhan old city district. Through simulation analysis, the temperature and velocity distributions of the original urban layout and five alternative renewal strategies were compared. It is found that the construction of an air passage within the old city district can improve the local air quality, air ventilation, and thermal environment to some extent. Among the five alternative strategies to construct air passages, CSD Plan is much better than the others. Accordingly, corresponding suggestions and strategies for urban renewal were presented.
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1. Introduction


Urban renewal has been one of the biggest global challenges to economic and social development in China, especially for mega and medium-sized cities during the transitional period [1,2,3,4,5,6,7,8,9]. Over the last few decades, along with the urban renewal process currently in place in mega cities, many subsequent serious problems concerning society [10,11,12,13], politics [14,15,16], economy [17,18,19], history [20,21], and culture [5,22] have continuously emerged. Those problems have attracted worldwide attention ever since. However, poor wind and thermal environment, together with other issues such as high building density, low green coverage, and shortage of public space, has seriously lowered the living quality in the urban renewal regions [23,24,25]. Therefore, deliberate consideration of the environment and micro climate issues in urban planning and design deserves extensive exploration. Meanwhile, the local outdoor micro climate and the thermal comfort of human beings have also captured increasing attention [26,27,28], with the former mainly connected to urban planning and the latter related to indoor environments, based on which during the urban renewal process, particularly in areas with hot summers and cold winters, the local outdoor micro climate and thermal comfort of the human beings in outdoor environments should be highlighted in local development plans and building layouts.



Mirzaei and Haghighat [29] proposed a systematic approach to quantify the environmental condition inside a street canyon and evaluate the possible advantages of passive and active mitigation strategies according to a frequency of occurrence concept, and developed a computational fluid dynamic model to investigate the impact of contributing parameters on pollution exposure. Barkenbus [30] presented a study to manifest how indoor temperature settings have changed over time in the United States based on data from the Residential Energy Consumption Survey released by Energy Information Administration. The results indicate that the occupants in lower-income homes tend to set thermostats higher in winter than other income groups, but that the most intense cooling tends to take place in both low-income and high-income homes. Li et al. [31] conducted three numerical simulation experiments and a presupposition of the same total leaf area for all greening cases and studied the differences of vegetation patterns on the pedestrian thermal comfort with an evaluation index as Standard Effective Temperature (SET). Comparing the simulation results, the authors have found that the average SET in the pedestrian space has a slight difference and should be carefully compared for better outdoor pedestrian comfort. Ali-Toudert and Mayer [32] discussed the contribution of street design, i.e., aspect ratio (or height-to-width ratio, H/W) and solar orientation, towards the development of a comfortable microclimate at street level for pedestrians with the three-dimensional numerical model ENVI-met which simulates the microclimatic changes within urban environments at a high spatial and temporal resolution. The results indicate that the time of day and the length of the period during which extreme heat stress occurs strongly depend on aspect ratio and street orientation.



There are quite a few research publications on quantitatively modeling thermal comfort, including fluid flow and heat transfer characteristics, by various influencing factors [27,28,33,34,35,36,37,38,39,40], which indicates that the computational fluid dynamics (CFD) method is an effective way to predict the outdoor wind and thermal environment of the pedestrians and residents. Besides the aforementioned crucial issues, CFD method becomes effective with attention paid to the wind and thermal environment of old city districts during the urban renewal process as the residents and pedestrians seriously suffer from the abominable wind, and thermal and sanitary conditions. However, few researches have covered the wind and thermal environment during the process of urban renewal. Peng et al. [41] advanced a comprehensive mathematical model to describe the fluid flow, heat transfer, and thermal comfort of the local old city district area in Wuhan, China and presented a useful exploration on the thermal behavior of an urban renewal district under a strong ambient crosswind scenario with the CFD method. They have found that the wind and thermal environment of the old city district in Wuhan, China is obviously unhealthy for residents and pedestrians. Later, Peng et al. [42] proposed some new renewal strategies by demolishing a few old buildings to alleviate the environment of the local hot points. In addition, they also advocate that wind passages or wind tunnel network are significant in improving the urban thermal and ventilation environment.



Generally, there are two common methods dealing with old downtown areas in Chinese cities: either large-scale demolition and reconstruction or small-scale renewal. The former may damage certain historical elements, change the demographic structure in the area, and cost much more than the latter. Moreover, large-scale demolition and reconstruction takes much time. On the other hand, the latter (small-scale renewal) is much more flexible, economic and effective in improving the environment of the old city.



Recently, the issue of city pollutant dispersion has aroused worldwide attention [43,44,45,46]. The pollutant dispersion caused by exhaust emissions in urban street canyons has been experimentally and numerically analyzed [47,48,49,50]. Similarly, the adverse effect of excessive high temperature environments, as well as that of the pollutants from exhaust emissions, on human beings inside the city with high-density old buildings, narrow streets and disorderly, irregular arrangements should be seriously considered. Thereby, an elaborate design of urban street canyons in old city districts will not only be helpful for the city pollutant dispersion, but also be very helpful for improving ventilation and heat transfer.



In the previous research work [42], the authors mentioned in the concluding remarks that creating wind channels in the prevailing wind direction is useful for the improvement of the thermal and ventilation environment of the old city districts. However, this predication has not been verified yet. This paper, thus taking the Dazhimen neighborhood in Wuhan city as an example, has analyzed the impacts of different renewal strategies on the wind and thermal environments in the local renewal community at the small scale through the construction of a few wind passages to improve the wind and thermal environment in the old city district. Besides, the paper has established a numerical model to simulate the wind and thermal conditions, with air circulation, heat transfer, natural ventilation, and other factors taken into account,. Finally, the paper has put forward an optimized renewal plan for the old district after simulating and comparing several alternative renewal proposals.




2. Study Area and Mathematical Model


2.1. Study Area


In order to analyze and compare the effectiveness of different urban renewal strategies, the paper has conducted a case study in a special old city district, which is currently the key during the process of urban renewal. The study area is one of the typical old city districts on the west bank of Yangtze River as presented in previous studies [41,42]. The reasons for taking this region as the case in this study are: (1) the previous study and the previous verified mathematical models can be used without further validation; and (2) the urban morphology in this area is comparably unfavorable and the analysis can serve as guidance for the Chinese urban renewal since this urban morphology is very common in China. Within the study region, old buildings were scattered around facing various directions with very limited open space in-between, which impedes natural air flows and therefore exacerbates the poor outdoor thermal and wind conditions.




2.2. Mathematical Model


The thermal behavior of the outdoor environment in an old city district is affected by several factors: ambient crosswind velocity (ACV), solar radiation, solar time, season, air temperature and humidity, land form, city afforestation, distributions of the lakes, rivers, land, and building distribution. Especially, season has a significant effect on the solar radiation intensity, solar time, and air temperature, ACV significantly influences the heat transfer process among the ground surface, buildings, and ambiance whereas city afforestation significantly decreases the air temperature with lakes and rivers increasing the air humidity. All these parameters have strong correlation in the complex system.



Firstly, the natural convection effect due to the temperature difference between the ground surface and the air under gravity should be considered. The existence of ACV confirms that the fluid flow is a mixed convection, but the forced convection overwhelms the natural convection when ACV is more than a few meters per second. Therefore, the turbulent model is selected to describe fluid flow within the system. Also, the density difference in the whole computational model is so small that it can be neglected in the inertia terms in Mass and Energy equations, but the term of density difference multiplied by gravity is sufficiently strong to make the specific weight appreciable in the Momentum equation. Thereby, Boussinesq approximation is used in the numerical analysis. Accordingly, Mass equation, Navier-Stokes equation, Energy equation, and Realizable k-ε equations are adopted:


     ∂ ρ   ∂ t   +   ∂ ( ρ  u i  )   ∂  x i    = 0   



(1)






     ∂ ( ρ  u i  )   ∂ t   +   ∂ ( ρ  u i   u j  )   ∂  x j    = ρ  g i  −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j      



(2)






     ∂ ( ρ  c p  T )   ∂ t   +   ∂  (  ρ  c p   u j  T  )    ∂  x j    =  ∂  ∂  x j     (  λ   ∂ T   ∂  x j     )  +  τ  i j     ∂  u i    ∂  x j    + β T  (    ∂ p   ∂ t   +  u j    ∂ p   ∂  x j     )    



(3)






    ∂  ∂ t   ( ρ k ) +  ∂  ∂  x i    ( ρ k  u i  ) =  ∂  ∂  x j     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x j     ]  +  G k  +  G b  − ρ ε   



(4)






    ∂  ∂ t   ( ρ ε ) +  ∂  ∂  x j    ( ρ ε  u j  ) =  ∂  ∂  x i     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x j     ]  + ρ  C 1  S ε − ρ  C 2     ε 2    k +   ν ε     +  C  1 ε    ε k   C  3 ε    G b  +  S ε    



(5)







In the equations above, variables such as velocities and temperatures are all time-averaged values, and the stress tensor τij is given as follows:


    τ  i j   = η   ∂  u i    ∂  x j    − ρ     u ′  i    u ′  j   ¯    



(6)







Gk denotes the generation of turbulence kinetic energy because of the mean velocity gradient, and Gb the generation of turbulence kinetic energy due to buoyancy. μi is eddy viscosity:


    G k  = ρ     u ′  i    u ′  j   ¯    ∂  u j    ∂  x i      



(7)






    G b  = − β  g i      u ′  i   T ′   ¯    



(8)






    μ t  = ρ C    k 2   ε    



(9)







In Equation (5), the constant C1 can be defined as follows:


    C 1  = max  [  0.43 ,  η  η + 5    ]    



(10)






   η = S  k ε    



(11)






   S =   2  S  i j    S  i j     ,    S  i j   =  1 2   (    ∂  u j    ∂  x i    +   ∂  u i    ∂  x j     )    



(12)




where σT, σk, and σε denote the turbulent Prandtl numbers for T, k, and ε, respectively (σT = 0.9, σk = 1.0, σε = 1.3), and c2 is a constant for turbulent model (c2 = 1.92). However, cμ is no longer a constant as it is in the standard k-ε model [51].



In addition, the above analysis also takes air humidity, solar radiation, shadow effect, and view factors among different surfaces into consideration [41,42].




2.3. Boundary Conditions


When considering the micro climate and pedestrian thermal comfort influenced by ACV, water vapor, and solar radiation in the old city district, we should carefully investigate the boundary conditions for the system. Detailed descriptions of the boundary conditions are shown in Figure 1 and only Northeast ACW has been considered as the prevailing wind.



2.3.1. Inlet Boundary


The prevailing ambient crosswind velocity (ACV) under consideration in this article shown in Figure 1 is Northeast wind in summer. ACV varies significantly with a whole day’s time slots, which causes remarkable changes of air temperature and relative humidity ratio. Therefore, ACV is a crucial factor determining thermal comfort in this study. Consequently, the case study is based on the assumption that ACV is fully flexible and the air temperature is a constant before the wind flows into the internal space of this model.
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Figure 1. Boundary conditions of the study area. 
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According to the logarithmic law of wind speed profile in an atmospheric boundary layer proposed by Prandtl in 1932, ACV inlet velocity can be calculated by the following Equations (13) and (14) [52]:


   v = w = 0   



(13)






   u = 1 / κ ⋅   (  τ s  / ρ )   1 / 2   ⋅ ln ( z /  z 0  )   



(14)




where τs stands for ground surface shear stress and z0 for ground aerodynamic roughness length. The specific value of z0 for different terrain is available in charts such as one value used by Cermak [53]. In this case study, κ and z0 are set as 0.4 and 0.01 m, respectively. Then, τs can be calculated from a given value of wind speed u at a known height, which is the top surface of the highest building across the study area in this case.




2.3.2. Outlet Boundary


In many cases, the geometrical models were generally regarded as cubes [54,55,56,57] and numerical simulations were performed in which the results agreed well with the experimental results. In the CFD simulation thereof, the lateral and top surfaces were regarded as inviscid wall conditions since the surface did not have significant influence on the calculated results around the target building. It is known that employing the inviscid wall condition in the large-sized computational domain will make the computation more stable [54]. However, since the geometrical model is not a cube and the lateral surfaces of the model are not distant away from the target building where those surfaces are surrounded by other buildings outside, it is better to set the lateral surfaces as the outlet boundary. In addition, although the top surface is several times higher than the highest target building, the top surface of the model should be regarded as the outlet boundary for wind exit due to the natural convection occurring from the temperature differences between the ground and building surface and the air in the ambience. Pressure outlet boundary condition is applied to each of these surfaces and the simplification reversing flow is normal to the boundary surface.




2.3.3. Wall Boundary


Both the ground surface and all the building surfaces receive solar radiation and the temperature thereof increases. The radiation heat transfer occurs between any two surfaces. In addition, these surfaces transfer heat with air by convection and with the ambience caused by radiation. The solar radiation imposed on the ground and all the building surfaces varies with time, shape angle, view factor, and solar radiation intensity.



After considering the thermal boundary condition of the walls, the paper tries to describe the flow characteristics. According to the nonslip boundary condition of solid surfaces due to the viscosity of fluid flow, functions for the boundary layer are employed here in order to simulate the near-surface flow:


   u = v = w = 0   



(15)






    τ s  = ρ   [ κ / ln ( z /  z 0  ) ]  2  (  u 2  +  v 2  )   



(16)






   k =  τ s  / ( ρ  C μ  1 / 2   )   



(17)






   ε =   (  τ s  / ρ )   3 / 2   / κ y   



(18)







In the equations shown above, the subscript “s” means “surface value” and the other parameters are evaluated at nodes near the ground surface. In Equations (17) and (18), both the k and ε values are a constant across the study area which are different from the strong turbulent areas shown in Equations (4) and (5).



In this simulation, the effect of solar radiation is assumed as a heat flux being imposed upon a very thin thickness on the ground surface. The main focus of this work is to investigate the effect of wind tunnel creating strategies on the air quality and thermal comfort of pedestrian and residence. Some simplifications in treating the walls facilitates the development of the following assumptions: (a) the vibration of ACV effect is neglected and thus the time term is considered to be steady; (b) the ground layer is homogeneous and isotropic; and (c) local heat equilibrium has been achieved between the ground and the air bypassing it. All these assumptions are aimed to avoid the simultaneous analysis of more than one factor without too much deviation from real conditions.





2.4. Validation Procedure


There are two most commonly used methods to validate the reliability of the numerical simulation results, and the first one is to compare the numerical simulation results with the experimental data under the same working conditions [58]. In similar research work, the research group led by Blocken presented excellent comparisons [59,60,61,62,63,64]. However, if the experimental data is not easily obtainable due to difficulty in experiments or incomplete experiments, a commonly used method is to perform sub-configuration validation whose actual configuration consists of a number of generic sub-configurations, each of which contains one or several salient flow features in the actual configuration [58,65,66]. Here, the authors of this article used the similar mathematical models and boundary conditions as shown in [59,60,61,65,66] where the CFD method verified in previous work has been also verified to be acceptable for the numerical analysis of the present research work. [41,42]. Thereby, the last step is to compare the results under different grid systems. That is to say, the grid-independent technology can be employed to verify the reliability of the numerical simulation results. In this paper, as the experiments are not completed and the corresponding results are not sufficient to compare the CFD results, the second method is used to verify the numerical simulation results.



As the geometrical model is almost the same as the previous research work [41,42], the meshing skill, computational procedure, and verification are also the same. Therefore, the hexahedral (HEX) grids are applied in the model and the mesh generation procedure of the whole geometric model is executed with the commercial software package Gambit 2.3.16. Denser grids are applied near the walls where there are anticipated relatively steep gradients in velocity, pressure, and temperature. The computations are performed through the general purpose CFD program Fluent 6.3.26, and all the influenced parameters, i.e., relative humidity, solar radiation, shadow angle, ACV, are treated through user-defined-function (UDF) method. Besides, QUICK scheme is used to discretize the convective terms and a second order accurate treatment is used for the diffusion terms. The discretized algebraic equations are solved in a coupled manner. The iterations continue until the relative error is reduced below a threshold (i.e., 1 × 10−5 in the mass conservation equation and 1 × 10−8 in the energy equation).



The grid-independent method is used to obtain more accurate simulation results [41,42]. Three test cases with 3,215,478, 5,724,932, and 7,383,947 grids, respectively, are designed for the whole model under the same conditions (0 m/s for ACV and 800 W/m2 for solar radiation), and Figure 2 shows the selected grid-independent system with 5,724,932 grids of the study area. The simulations are implemented through parallel computation using four PCs with 4-core 4.1 GHz and 16 GB RAM. The numerical simulation results indicate that the temperatures in the three grid systems for a given point in the ambience are 303.45 K, 305.76 K, 306.05 K, and the corresponding velocities of this point 0.351 m/s, 0.374 m/s, and 0.383 m/s, respectively. Hence, it can be seen that the calculation results with 5,724,932 grids has a negligible difference with the results with 7,383,947 grids. Thereby, the results with 5,724,932 grid system can be regarded as grid-independent results, and the grid system of 5,724,932 and its grid spacing are selected as the basic mesh system for the geometrical model in this paper.
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Figure 2. Grid system of the study area. 
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3. Results and Analysis


3.1. Results of Existing Renewal Strategy


Actually, there are three issues concerning the health of the local residents and pedestrians in an old city district: air ventilation, thermal environment, and pollutant concentration in the air due to exhaust emissions. However, if the area has poor air ventilation, the thermal environment will deteriorate and the exhaust emissions by the cars will not easily diffuse to the outside ambience. As a result, the thermal environment and air quality in this district will become poorer, which will be harmful to the health of local residents and pedestrians.



Key parameters influencing the air ventilation and human thermal comfort include relative humidity of the moist air, ACV, solar radiation, solar time, ambient temperature, materials of the street pavement, buildings’ density and height etc. Specifically, the anthropogenic thermal comfort is mainly reflected in the heat transfer conditions between human beings and the outside environment. A normal heat transfer rate can bring pleasant thermal conditions. However, if the heat transfer rate is too high, residents and pedestrians will feel uncomfortably cold and vice versa. Therefore, ambient air flow is an important factor effecting human thermal comfort and pollutant dispersion in the street canyon.



This paper mainly focuses on the effectiveness of demolition strategy utilization during urban renewal to create favorable wind, air quality, and thermal environment, regardless of the influence of different solar radiation intensity, and ACV magnitude and direction on the wind and thermal environment which have been extensively analyzed in the previous work [41]. Here, the solar radiation intensity is set as 600 W/m2 at noon time in May and ACV is 10 m/s in Northeast with the air temperature and the relative humidity 293 K and 75% respectively. The buildings are made of bricks with sand and cement being pasted on the surface. The ground surfaces are bricks and cement floors without plants and grass covering, which makes this area vulnerable to bad weathers.



The ambient air flow characteristics and the temperature distribution of the study area are shown in Figure 3a–c, wherein Figure 3a shows the overall temperature distribution on the building surface and ground level whereas Figure 3b,c depict the wind velocity and vector distributions at the horizontal section 0.5 m above the ground level, respectively. Due to the existence of the four buildings in the first row with only three narrow channels serving as an entrance near the inlet, the ambient crosswind air flow is blocked off. Therefore, air ventilation within the district is of unfavorable condition. Insufficient air ventilation and stagnant air cause serious thermal comfort problems during the hot-humid summer period.



Figure 4 presents a renewal strategy for the old city district: the leeward buildings in the southwest corner of the old city district are first renewed and rebuilt, and then the renewal procedure goes forward to the windward buildings in the northeast step by step. As shown in this figure, the renewed buildings will become much higher and the streets become much wider. It is expected that this renewal strategy will improve the wind and thermal environment of the whole study area. However, seen from Figure 3, air ventilation has not been significantly improved and the temperature remains high despite widened streets. This is caused by the high density of old buildings in the windward, blocking the prevailing wind from permeating the renewed area. It is obvious that the poor air ventilation correlates with high temperature. Areas with stagnant air have obviously weak heat transfer from the building and the ground surfaces to the air, thus causing high temperature and thermal problems. What is worse, stagnant air also restricts the dispersion of urban pollutants from various local emission sources; poisonous gases and harmful particles exacerbate the local air quality, thermal environment, and health conditions. Therefore, the existing renewal strategy shown in Figure 4 is not a successful method to improve the wind and thermal environment of the study’s old city district. Here, the paper has proposed a new renewal strategy. That is leeward renewal plus constructing wind passages in windward buildings.
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Figure 3. Simulation results for the study area: (a) temperature contour on the surface of the ground and buildings; (b) velocity contour on plane z = 0.5 m; (c) temperature contour on plane z = 0.5 m. 
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Figure 4. Computational model of the original layout under urban renewal. 
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3.2. New Proposals of Renewal Strategy


In the process of urban renewal, small-scale updates have more advantages than large-scale transformation in the actual situation. Considering the economics, historical continuity, ecology and environmental protection, the best way to adjust the local building layout plan to improve the thermal environment of the old town style without sacrificing the large scale living area is worthy of further study.



To this end, the paper puts forward the following four demolition plans to combine the existing leeward renewal strategy: (1) Central Demolition (CD) Plan; (2) Edge Demolition (ED) Plan; (3) Wedge Shape Demolition (WSD) Plan; and (4) “L” Shape Demolition (LSD) Plan. A basic rule is that the demolition area of the buildings for each demolition strategy should be the same.



According to the analysis of the study and the initial ideas that could improve the local air flow and thermal environment, the paper proposes four focused renewal programs. As shown in Figure 5a, Program (1) is Central Demolition (CD) Plan: demolishing several buildings in the middle and creating an open space. It can been seen that this new piece of open space can improve the local air thermal environment to some extent, but it cannot bring ambient crosswind into the study area as its function is not to utilize the ambient crosswind but to create open space in inner districts. Therefore, there are still large areas with high temperatures in the region.



The Edge Demolition Plan shown in Figure 5b is to remove the buildings of an edge in the lower right corner of the study area. The result shows that this method can change the local environment to a certain extent to make it the same as the CD Plan, and the environmental changes needed for the entire study area are not clear. The Wedge Shape Demolition (WSD) Plan shown in Figure 5c is to remove the buildings in the northeast part and form a wedge-shaped open area that is located in the direction of summer prevailing winds. Undoubtedly, this shape can effectively bring the windward fresh air into the cell interior. As a result, the air ventilation, air quality, and thermal environment will all be greatly improved. However, because of the limited area of the demolished buildings, the newly built wedge-shape open entrance and the inside hollow zone is separated by an “L” shaped building, which is unable to form a good wind passage inside the study area, so the WSD Plan can be improved.
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Figure 5. Comparison of temperature distributions of urban renewal plans: (a) CD Plan; (b) ED Plan; (c) WSD Plan; (d) LSD Plan. 
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The “L” Shape Demolition (LSD) Plan shown in Figure 5d is to remove the blocking buildings to create a wind passage in the center of the old town, trying to bring the summer prevailing winds into the interior district, which relieves the high temperature situation. Further, the bottom right building in the first row near the inlet is demolished, which is helpful to improve the wind and thermal environment of the buildings in the bottom right corner of the study area. However, this does not allow forming a smooth wind passage, and the high temperature zone still exists due to the high density of the original buildings.



Figure 6 shows a comparison of velocity distributions of the four urban renewal strategies. The height of the cross-section is 0.5 m above the ground. In comparison with the original mathematical model, we find that the thermal environment is significantly improved in demolished areas.



However, it can be seen that CD Plan does not have a significant influence on the surrounding buildings; both WSD Plan and LSD Plan bring the ambient crosswind into the concerned district which benefits the overall thermal environment. Between these two plans, the WSD Plan is a little bit more effective in that the upstream ambient crosswind is led into the target old city district by the wedge-shaped breach, which enhances the ventilation greatly. By comparison, the wedge-shaped entrance of WSD Plan is better than that of LSD Plan from the perspective of introducing wind.



It should be pointed out that although the ED Plan, WSD Plan, and LSD Plan can all improve the wind and thermal environment of the demolished area and enhance air flow circulation, the overall thermal environment is not improved too much due to the original high density of buildings and limited demolished areas which hinder the formation of a complete and effective wind passage. In these plans, there still exist some areas with high temperature levels which are unfavorable to residents and pedestrians.





[image: Sustainability 07 12672 g006 1024] 





Figure 6. The comparison of velocity distributions of cross-section with height being 0.5 m of the urban renewal plans: (a) CD Plan; (b) ED Plan; (c) WSD Plan; (d) LSD Plan. 
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Figure 7 shows the velocity vectors of the low-rise buildings in the original old city district under different renewal strategies. It is clear that the CD Plan (Figure 7a) and ED Plan (Figure 7b) fail to construct a wind passage system for the entire old city district. As for the WSD Plan and LSD Plan, they both take into account the organization structure of the air passages flowing into the system. For the WSD Plan, the newly built wedge-shape passage and the inside hollow zone is separated by an “L” shape building. If the “L” shape building can be demolished to connect the wedge-shape passage with the inside hollow zone, a smooth flow channel could be successfully built. The LSD Plan shown in Figure 7d also brings the air flow into the study area. Further, the lower left corner of the bar building is demolished, which is very helpful to connect the external environment and inner study area and thus ultimately improve the wind and thermal environment of the study area.



By comparing the results of these plans shown above, creating a smooth passage for the ambient crosswind to enter the study area is an effective way to improve the air quality, wind and thermal environment of the old city district. Due to the high density of the old buildings, the proposal to construct a wedge-shape channel to connect the inner hollow space becomes crucial. For other cases, if the target old city district is much larger, more complex, and has high density buildings, it is appropriate to seriously consider the strategy of creating multiple wind passages.
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Figure 7. The comparison of velocity vectors of cross-section with height being 0.5 m of the urban renewal plans: (a) CD Plan; (b) ED Plan; (c) WSD Plan; (d) LSD Plan. 
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3.3. Cross Shape Demolition Plan


Based on the above analysis, a Cross Shape Demolition (CSD) Plan has been proposed and a numerical simulation on this plan has been performed. The results as shown in Figure 8 indicate the temperature and velocity distributions are obviously improved with the original highest temperature spots diminishing. Ambient crosswind flows both into the old city district and into the renewed area, improving the micro-climate of the whole study area. Compared with the four demolition plans shown above, CSD Plan creates two perpendicular wind passages with main wind passage aligning the prevailing wind. When faced with old districts of larger size, layout plans incorporating a network of wind passages will significantly improve the residents and pedestrians’ wind and thermal environment.
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Figure 8. The results of cross-section with height being 0.5 m of Cross-shape Demolition Plan: (a) temperature distribution; (b) velocity vector. 






Figure 8. The results of cross-section with height being 0.5 m of Cross-shape Demolition Plan: (a) temperature distribution; (b) velocity vector.
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4. Discussion


There are mainly two methods to optimize the conditions of air ventilation during urban renewal. One is to “create a wind”, which can be achieved most effectively by planting certain amount of trees. However, this method is difficult to realize in old city districts with high building density. The other is to “induce a wind”. That is, to create wind passages for the ambient crosswind to enter the study area. To be specific, wind passages are tunnels created strategically to bring fresh air flow into the urban areas with unfavorable thermal conditions. After being mixed with the fresh air flow, the air in the original area can be exported under the pressure of air flow, thus accelerating the air circulation (movement) in the micro-climate. Wind passages, or breezeways, play an important role in transmitting fresh air, mitigating urban heat island intensity, and dissipating air pollutants.



After comparing and analyzing the above proposals for urban renewal, it can be found that urban planners should take wind passages into account in the process of urban renewal. A few specific guidelines are summarized as follows.



(1) Wind passages should be designed along prevailing wind directions



It is evident that when the buildings are demolished along the prevailing wind direction to form a wind passage (Figure 9), they no longer impede the outside ambient crosswind from penetrating inside the target area, and thus the permeability of urban air ventilation is increased dramatically. This can noticeably improve the outdoor wind and thermal environment in the old district. Consequently, the utilization of the site specific wind-rose information and incorporating wind passages along summer prevailing wind directions during urban renewal can effectively mitigate air ventilation and thermal problems.
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Figure 9. Creating wind passages along the prevailing wind direction. 
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(2) The entrances of wind passages are suggested as a funnel



According to the theory of fluid mechanics, a wedge shape wind passage opening to the outside upwind direction will to a large extent absorb the ambient crosswind (Figure 10). The absorbed fluid flow will penetrate the whole target district, and the wind and thermal environment will be greatly improved. In the five proposed demolition plans mentioned above, the third proposal in Figure 5c, the WSD Plan, creates a funnel shaped open space at the entrance of the wind passage, which evidently alleviated the thermal problems.
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Figure 10. Broadening the entrance of wind passages. 






Figure 10. Broadening the entrance of wind passages.
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(3) Wind passages should be connected as a network



All the four proposals in Figure 5 are beneficial to the air ventilation and thermal environment of the demolished area, but they are unable to improve the overall wind and thermal environment of the whole study area. One main reason is that the demolished buildings in these proposals are not enough and the related effect cannot cover the whole region. The cross shape demolition plan creates two perpendicular wind passages which cut through the whole district, allowing air to effectively flow into the whole area with dense buildings, which will effectively transfer the heat to the outside ambience and thus improve the local micro-climate. For this reason, the network of wind passages in old districts is crucial in large areas of old city districts during urban renewal (Figure 11).
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Figure 11. Creating a network of wind passages. 






Figure 11. Creating a network of wind passages.
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5. Conclusions


Urban renewal is a very complex topic covering not only social, economic, historical, and cultural issues, but also air quality, thermal comfort, and environmental ones as well. The present research has conducted a numerical analysis on an old city district undergoing urban renewal considering the effect of wind passages on the air quality, wind and thermal environment of the target area. Based on the results of the original urban renewal strategy, five new renewal strategies have been evaluated. From the results, some findings can be summarized as follows:

	(1)

	
The original renewal strategy, in which the demolished buildings and renewal buildings start from the leeward, is not an effective way to improve the overall wind and thermal environment of the target area as the lower old buildings of dense windward block the ambient crosswind from entering the system.




	(2)

	
The four renewal strategies, namely the Central Demolition (CD) Plan, Edge Demolition (ED) Plan, Wedge Shape Demolition (WSD) Plan, and “L” Shape Demolition (LSD) Plan, can partly improve the wind and thermal environment of the target area. However, the ED Plan and WSD Plan are superior as a wind passage is created within the old city district in each plan.




	(3)

	
A network of wind passages which connect with one another is more favorable to large areas of old city districts during urban renewal.
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