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Abstract

:

The urban development of areas in the Arctic zone of the Russian Federation is a relevant and important task to be tackled by contemporary urban planners. This focus is largely explained by the development of the Northern Sea Route (NSR) and its port cities. Last but not least, to develop these cities means to ensure a comfortable living environment for local residents and visiting specialists. However, given the harsh climate in the Arctic zone of the Russian Federation, this task requires a more elaborate approach. Current building techniques, designed for flatlands with relatively comfortable climates, cannot be applied to this territory without degrading the quality of the living environment. Environmental comfort is influenced by many factors, and one of them is the aeration regime. This study is aimed at researching the aeration regime of built-up areas on the sloping lands of the Arctic zone of the Russian Federation and identifying the features of its formation. The object of this study is a residential development on the sloping lands of the Arctic zone of the Russian Federation. The subject of the study is the external aeration regime at the level of 1.2 m from the ground level of the residential development on the sloping lands of the Arctic zone of the Russian Federation. These parameters were explored, and the aeration regime was assessed using such advanced software packages as QG for the GIS analysis of the area and ANSYS Fluent for the mathematical modeling of the aeration regime. The results of the research are presented in the form of graphs, dependency tables, and petal diagrams visually demonstrating the distribution of discomfortable zones for different morphotypes of development on various slopes most widely spread in the Arctic zone of the Russian Federation. The theoretical research was pilot-tested in the existing residential development area in Murmansk. The results of the study are usable in practice if respective land use documents are drafted for residential areas of settlements in the Arctic zone of the Russian Federation.
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1. Introduction


Many Russian and foreign researchers studied the development of Arctic areas [1]. The development of cities in the North is rather comprehensively covered in the works of Putintsev [2]. The author believes it is necessary to take into account harsh climatic conditions, such as low temperatures and strong winds, when site design projects are drafted and morphotypes are selected for residential areas in the Arctic zone of the Russian Federation (AZRF). The geomorphological parameters to be taken into account in the course of developing residential areas were analyzed by Krogius and Abbott [3]. The influence of the terrain and its forms on the aeration regime were investigated by such researchers as V.D. Olenkov, G. Schlichting, and others [4,5,6]. To assess the extent of influence of the slope parameters on the aeration regime, it is important to understand the class of aerodynamic roughness of the terrain. The topography of the entire land surface consists of sub-horizontal surfaces and slopes. Sloping surfaces are the surfaces where gravity plays a major role in moving matter downward. Slopes, hills, and construction facilities have different dimensions, and this difference influences the local aeration regime [7]. According to the classification, proposed by P.P. Kovalenko and L.N. Orlova, these items can be considered as different types of aerodynamic roughness depending on their height [8].



The relevance of development of Arctic areas is comprehensively covered in the works of D.A. Gainanov, S.A. Kirillova, Yu. A. Kuznetsova, V.G. Alexeev, and others [9,10]. Housing construction problems in the AZRF were considered in the works of K.N. Agafonov, Belyaev, Velli, Dokuchaev, and others [11,12]. Additionally, the relevance of the Arctic zone and its development are highlighted in the regulatory documents of the Russian Federation. Presently, a fairly well-developed regulatory and technical framework ensures the development of AZRF. The main legal act, regulating the development of areas in the Arctic zone of the Russian Federation, is Presidential Decree No. 645 of 26 October 2020 “On the Development Strategy of the Arctic zone of the Russian Federation and national security for the period up to 2035” [13]. One of the main objectives of the Strategy is “formation of the modern urban environment in settlements also by improving public and courtyard spaces, taking into account features of the natural environment and climate of the Arctic and introduction of advanced digital and engineering solutions”.



The main problems of housing construction in the Arctic zone are its harsh climatic conditions, geomorphological parameters of its territory, low temperatures, strong winds, etc. The microclimate of Arctic territories and its impact on people are covered in the works of Konstantinov and Varentsov [14]. Ratner also studies the influence of wind and temperature regimes on human comfort in the Arctic settlements [15]. The importance of taking into account harsh natural and climatic conditions of the Arctic is also emphasized in the “Strategy for the development of the Arctic zone of the Russian Federation and national security for the period up to 2020”. The main task of the program is “improving the quality of life and protection of the population in the Arctic zone of the Russian Federation”. “Extreme natural and climatic conditions, such as low air temperatures, strong winds, and the presence of an ice cover on the waters of Arctic seas” are listed as the key factors affecting the socio-economic development of the Arctic zone of the Russian Federation. The importance of taking climatic parameters into account in the course of construction was mentioned by researcher Konstantinov and others [14,16,17].



The issue of estimating the aeration regime was repeatedly raised in the works of Serebrovsky, Retter, Olenkov, Balakin, et al. [18,19,20,21,22,23]. However, a more sophisticated approach is needed to assess the aeration parameters of the Arctic zone so that each climatic and urban development factor is taken into account.



Perception of the thermal environment, taking into account the aeration regime based on the wind chill index, was studied by such researchers as Quayle and Steadman, Carder, and others [24,25]. A detailed description of the influence of temperature and wind speed parameters on the psychological and physical condition of a person can be found in the works of Osczevski [26]. It is also worth mentioning that Russian scientist E.M. Ratner developed a graph showing the integrated impact of temperature and wind on buildings and people [15,27,28]. This graph is used to assess the integrated impact of temperature and wind, which is perceived by a person as discomfortable.



CFD modeling is successfully used to study the aeration regime. The accuracy and reliability of this modeling tool is confirmed in the numerous works of such researchers as Blocken, Ricci, Repetto, etc. [29,30,31]. The process of CFD modeling toward aeration regime evaluation, as well as visualization of its results, are described quite fully in the works of Valger, Fedorov, and Fedorova [32].



At present, there is a need to develop a technique for estimating the aeration regime of residential development on sloping lands [33]. Such studies are necessary because the development of the Arctic zone of the Russian Federation requires a careful and systematic approach. In terms of urban planning, assessment approaches applicable to flatlands and territories with more comfortable climates are not suitable. Thus, any preparation for the urban development of territories in the Arctic zone of the Russian Federation requires additional research and development [34].




2. Study Area


The object of this study is residential development on the sloping lands in the Arctic zone of the Russian Federation (AZRF).



AZRF occupies 18% of the RF territory. Its population is 2391.6 thousand people, or 1.7% of the population of the Russian Federation. It boasts the principal and most important navigable Russian waterway, or the Northern Sea Route (NSR). NSR stretches from the Barents Sea to the Chukchi Sea, and key ports of the Northern Sea Route are situated in their water areas. The main seaports of the Northern Sea Route, located in the AZRF, include Murmansk, Arkhangelsk, Naryan-Mar, Varandey, Sabetta, Dudinka, Igarka, Khatanga, Tiksi, Pevek, Provideniya, and Anadyr.



Cities with a population over 10,000 people, such as Murmansk, Arkhangelsk, Naryan-Mar, Dudinka, Igarka, and Anadyr, were chosen for the study. The analysis of the AZRF settlement system allowed to identify the cities that are suitable for further studies. The next step is to analyze each factor of the theoretical model to identify the main parameters that will be used as input parameters for mathematical modeling. The full research methodology includes three stages presented in Figure 1.



2.1. Analysis of Geomorphological Parameters of Residential Development on the Sloping Lands of the Arctic Zone of the Russian Federation


All of the abovementioned cities in the Arctic zone of the Russian Federation were considered for the purpose of assessing geomorphological parameters, in particular:



2.1.1. Determining the Share of Sloping Lands within City Limits


Earlier studies have proven that sloping lands are slopes with a gradient of more than 52‰ [35]. To determine the share of sloping lands, occupied by the settlements of the Arctic zone of the Russian Federation, geomorphological parameters of the territory were analyzed using Quantum GIS technology and photogrammetric ASTER GDEM data on the terrain of the towns in question, as well as the visualization made in the form of color gradation of the terrain by the degree of slope steepness (Figure 2).



The studies have shown that each city has some sloping lands. However, Anadyr, Dudinka, Naryan-Mar, and Murmansk have a large percentage of sloping lands, and it is these cities that are chosen for the next stage of the study.




2.1.2. Determining the Percentage of Residential Areas on the Sloping Lands of AZRF Cities and Towns


To determine the share of the residential area in Anadyr, Dudinka, Naryan-Mar, and Murmansk, GIS technologies and data on functional zones, defined in the land use and development rules (land use plan) as well as in the general plans (master plans) of the above cities, were used. Quantum GIS software was employed to overlay maps of land use plans of the abovementioned cities on the topographic map of the territory, made using its photogrammetric images. Further, boundaries of residential areas in the selected cities were determined and compared with the boundaries of sloping lands with a gradient of more than 52‰.



For the purpose of further research, it is important to know the percentage of residential areas located on slopes. Toward this end, residential areas, located on slopes with a gradient of more than 52‰, were selected using GIS analysis tools (Figure 3).



These data were used to make diagrams showing the ratio of the area of residential areas on the slopes to the area of inhabited flatlands in NSR port cities (Figure 4).



Thus, GIS analysis has revealed that more than half of the residential areas are located on sloping lands with a gradient of more than 52‰ in the cities of Anadyr, Dudinka, and Murmansk. However, most of the considered morphotypes of buildings are designed for flatlands, and their adaptation to sloping lands was made by changing structural elements to adapt buildings to slopes. At the same time, neither the aeration regime nor any issues of wind comfort were considered. Obviously, it is necessary to develop a methodology for assessing the aeration regime that will help to determine the most suitable morphotype of residential development in the sloping lands of the Arctic zone of the Russian Federation taking into account a comfortable aeration regime and the safety of residents.



Slopes with a gradient of 52–190‰, which are typical for settlements in the Arctic zone of the Russian Federation, were used in the theoretical research as geomorphological parameters.




2.1.3. Determination of Slope Exposure in All Directions (North, South, West, East)


At the third stage of assessment of geomorphological parameters, the exposure of the slope in all directions (North, South, West, East) is to be determined.



GIS analysis was made in Quantum GIS to determine the most widely spread slope exposures in the settlements of the Arctic zone of the Russian Federation. Given the results of the GIS analysis of exposure of slopes in the settlements in the Arctic zone of the Russian Federation, it is impossible to distinguish the priority exposure (Figure 5).



Four slope exposures (North, South, West, East) were used as initial data. The data were obtained on residential areas, located on the slopes, and their characteristics contributed to our further theoretical research.





2.2. Analysis of Aeration Parameters of Sloping Lands of the Residential Development of the Arctic Zone of the Russian Federation


To analyze the aeration parameters of settlements on the sloping lands of the Arctic zone of the Russian Federation and to identify the boundary conditions needed for mathematical modeling, Murmansk was chosen as the territory with the largest share of sloping lands within settlement boundaries (80%) and a large percentage of residential areas located on the slopes (68%). The following parameters were determined for the analysis of aeration factors:




	
The average air temperature during the season of discomfort, °C;



	
The average wind velocity, m/s, during the period with average daily air temperature ≤ 8 °C;



	
The prevailing wind direction during the season of maximum discomfort;



	
The threshold value of the wind velocity compatible with a comfortable aeration regime in the residential area.








Data from SNiP (Construction Norms and Regulations) 23-01-99 “Construction Climatology” were used to determine the above parameters. All aeration regime parameters for Murmansk are provided in Table 1 [36].



A recurrence-based wind rose was made to determine the most common wind direction.



The southwest direction of wind flows dominates in the AZRF settlements (Figure 6). To find the wind velocity that will serve as the boundary value to determine discomfortable conditions, we use the table of integrated effects of temperature and wind on buildings and people, developed by E.M. Ratner [15].



Having analyzed the average air temperature during the season of discomfort and the average wind velocity (m/s), we determine the wind velocity, at which the integrated effect of temperature and wind on a person will be perceived as discomfortable. To determine the boundary discomfortable wind speed, we use E.M. Ratner’s graph of integrated influence of temperature and wind on buildings and people (Figure 7).



Having compared the average wind velocity and average temperature of the cold period with the table of E.M. Ratner, we assume that the threshold value of wind velocity V, compatible with a comfortable aeration regime in the residential area, equals 4 m/s.




2.3. Analysis of Urban Planning Parameters of Residential Development on the Sloping Lands of the Arctic Zone of the Russian Federation


The residential development on the sloping lands of the Arctic zone of the Russian Federation was analyzed to assess the urban planning parameters of the theoretical model, including:




	
building density;



	
number of stories in buildings;



	
building morphotype.








To analyze the buildings on the slopes, we used a GIS data map and such attributes as the number of stories and the size of the built-up area. The analysis allowed us to identify the building density, the average number of stories, and the most frequent morphotypes of residential buildings on the slopes of settlements in the Arctic zone of the Russian Federation.



Residential areas (neighborhoods) of the AZRF settlements, located on the slopes with a gradient of over 52‰, were analyzed to determine the most characteristic morphotypes, density, and number of stories (Table 2). As a result, seven standard neighborhoods, featuring different morphotypes were chosen.



For the purpose of further studies, we choose a nine-story building, as it is the most widely spread type of residential buildings on sloping areas, according to the findings of analysis. The building density was analyzed for the same type of the built-up area; the average building density was 0.95.



The above morphotypes were applied for simulation purposes. Perimeter, ribbon, and sporadic morphotypes with a density factor of 0.95 and the average number of floors, equaling nine, were selected. Each model was placed on six types of slopes and had four exposures (northern, eastern, southern, and western).





3. Study Methodology


According to the results of the integrated analysis of geomorphological, aeration, and urban planning factors influencing settlements in the Arctic zone of the Russian Federation, as well as the main factors and parameters influencing the aeration regime of residential buildings on sloping lands, the theoretical model of the aeration regime was developed for residential buildings on the sloping lands of the Arctic zone of the Russian Federation (Figure 8). This theoretical model allows us to assess the aeration regime of the residential development on the sloping lands of the Arctic zone of the Russian Federation by obtaining data on the share of discomfortable built-up areas by means of mathematical modeling.



A comfortable living environment, enabling residents to take advantage of the courtyard amenities, is a binding condition needed to ensure a comfortable aeration regime of the residential development. Hence, the finite element to be simulated is courtyard area S. The courtyard area is the territory adjacent to a residential building and limited by residential buildings, structures, facilities, or fences, including pedestrian paths and driveways to the residential building, parking lots, green spaces, playgrounds, areas for recreation and sports, and service yards.



The theoretical model of the study has 3 levels:




	
Level 1: residential area.



	
Level 2: built-up area.



	
Level 3: courtyard area.








Table 2 has a detailed description of all groups of factors that determine the features of the aeration regime of the residential development on sloping lands, as well as the procedure for their calculation.



Each level has certain parameters:




	
Level 1—residential area—x1, x2, x3, u1, u2.



	
Level 2—built-up area—z1, z2, z3.



	
Level 3—courtyard area—optimization parameter k, obtained in the process of simulating Level 1 and Level 2 parameters and parameter Y (area S of discomfortable zones).








The output parameter of the theoretical model will be Y, the area of discomfortable zones. Parameter Y is a function in which arguments include all factors x, u, and z listed above.


Y = F(xk, uk, zk)



(1)







The main optimization parameter and indicator of a comfortable aeration regime of a built-up area is the share of discomfortable zones k, expressed as a percentage and derived from Y and S of the courtyard area. Parameter k is used to assess the design of the residential area. It will be identified as a result of an experimental study.


  k =   S dis . × 100 %   S  yard   area     



(2)







The theoretical model allowed us to assess the aeration regime in the residential development on the sloping lands of the Arctic zone of the Russian Federation by obtaining data on the share of discomfortable zones in the residential development using mathematical modeling.



The main urban planning task was to reduce the share of discomfortable zones in courtyards.



The process of modeling requires the following actions to be taken:




	
Making a solid model of the built-up area (the residential development);



	
Mathematical modeling;



	
Using grapho-analytical methods or an analytical script to identify the share of discomfortable zones, in which wind velocity exceeds the acceptable value.








The authors used the above factors and the model of the study to draft a succession of actions needed to study the comfort of the aeration regime of a space-planning solutions designated for residential buildings on sloping lands (Figure 9).



A systematic approach to this research project was developed to conduct further studies. To determine the share of discomfortable zones, 4 morphotypes, 4 types of exposure, and grading of slopes, defined in Section 2.1, were identified. A total of 84 cases were simulated (Figure 10).



In our theoretical study, we used the input data defined above. The first stage of the theoretical study was mathematical modeling in ANSYS Fluent. CFD models were made on the basis of the solution to the system of equations describing the three-dimensional motion of a viscous medium (Navier-Stokes) with a continuity equation. ANSYS Fluent software package is one of the most efficient and accurate methods of mathematical modeling used to assess the aeration regime at a given moment. Modeling in ANSYS Fluent has a number of advantages over other methods of determining wind conditions (for example, wind tunnel research, field observations, etc.). Modeling in ANSYS Fluent allowed us to correctly assess the aeration regime of residential buildings on slopes since it has a function of registering velocity isofields in layers as cross-sections in any point.



Mathematical modeling in ANSYS Fluent was used to identify the main dependencies between the slope gradient and the exposure of the slope, the morphotype, and the aeration regime of the area.




4. Theoretical Study Using CFD Analysis


Mathematical modeling was performed upon derivation of basic parameters. The aeration regime was simulated for the morphotypes that had been defined earlier (Table 3). Perimeter, ribbon, and sporadic morphotypes with a density factor of 0.95 and an average number of floors equaling nine were selected. Each model was placed on six types of slopes at four slope exposures (northern, eastern, southern, and western).



The table shows the visual processing of the experimental data obtained using ANSYS Fluent software, or velocity fields, for different combinations of gradients and slope exposures for the most discomfortable prevailing southwest wind direction. The velocity scale shows velocities resulting from changes in wind direction, pressure, and speed. In the velocity fields, velocity gradation is shown as the color gradation indicated at the end of the table.



Modeling results were processed using mathematical and grapho-analytical methods. Based on the results of mathematical modeling in ANSYS Fluent, the share of discomfortable zones for each of four slope exposures is calculated according to 24 types of slopes defined in the area of studies. The results were visualized using the ANSYS Workbench calculation platform. The ANSYS Workbench platform allows us to visualize wind velocity fields obtained using ANSYS Fluent modeling in any plane at a height of 2 m from the ground level. Since the aeration regime of residential developments on the slopes with a gradient greater than 52‰ is divided into several macro-levels of air masses in ANSYS Workbench, it is necessary to visualize velocity fields of wind flows at each of the micro-levels.



All obtained velocity isofields are consolidated in tables for each morphotype (Table 4). Colored areas from yellow to red in the legend indicate the presence, distribution, and shape of discomfortable zones in the residential area, where the average wind velocity exceeds 4 m/s. The obtained data allow us to make graphs showing the relationship between the slope gradient, exposure, and the share of discomfortable zones in the total space along the perimeter of the residential development.



4.1. Perimeter Morphotype of Development: Mathematical Modeling of the Aeration Regime in the Sloping Area


If the gradient varies from 52–190‰, mathematical modeling of wind flows in ANSYS Fluent shows that the most discomfortable areas are driveways to courtyards. Wind flows accelerate dramatically between the end sides of houses irrespective of the types of slopes and exposures. Driveways are particularly discomfortable if located on one axis relative to the prevailing wind direction and opposite each other (southern exposure at 64‰ and 160‰); such an arrangement of driveways triggers the effect of cross ventilation. The arrangement of driveways with a slight axial displacement relative to each other also triggers the effect of cross ventilation in the courtyard area (for the western exposure of slopes and all types of gradients). A large area of discomfortable zones is observed if the driveway to the courtyard is located opposite the central part of the courtyard area. The most valuable area that can accommodate socially significant landscaping components becomes discomfortable and unsuitable for playgrounds. Obviously, the location of driveways between the houses plays a sgnificant role and should be further investigated as part of the assessment of the aeration regime of design solutions of the residential development on the slopes of the Arctic zone of the Russian Federation. Discomfortable zones, having highest wind flow velocities, are typical for north-facing slopes, but the total area of discomfortable zones is smaller than in the cases of south-, east-, and west-facing slopes. It is necessary to use different methods of protection from winds to reduce the share of discomfortable zones in the perimeter development.




4.2. Sporadic Morphotype of Development: Mathematical Modeling of the Aeration Regime in the Sloping Area


If the gradient varies from 52–190‰, modeling of wind flows in the sporadic development identifies a substantially larger number of discomfortable zones, in contrast to the perimeter development. This is due to the fact that the perimeter development shelters the courtyard from negative factors (including discomfortable wind), while the sporadic development is more open. The advantage of sporadic development is that it can be easily placed even on a slope with a large gradient. The flexibility of sporadic development allows buildings to be placed on natural terraces of the terrain, but this flexibility creates a large number of open windswept spaces. In this model, the largest number of discomfortable zones are observed for the western exposure because a semi-enclosed courtyard of such a sporadic development faces the windward side and the most discomfortable wind. In addition to large open spaces, there is a wind tunnel effect between parallel terraced buildings, including those located on terraces of different levels on the slope (for example, south-facing slopes at 190‰). This morphotype does not encourage the application of standard compositional and spatial solutions in the neighborhood. It is necessary to assess the aeration regime in the locality for all planning options, if the sporadic morphotype is used on the slopes of the Arctic zone of the Russian Federation.




4.3. Ribbon Morphotype of Development: Results of Mathematical Modeling of the Aeration Regime in the Sloping Area


Simulated wind flows on the slopes with a gradient varying from 52 to 190‰ show a quite large share of discomfortable zones in the ribbon morphotype. Same as the sporadic morphotype, the ribbon morphotype is also effective when the residential area is located on the slopes with a steep gradient since buildings that are not long-stretching can be easily placed on natural terraces. In contrast to the sporadic morphotype, the ribbon development has small courtyards, and most of them have discomfortable zones.



The next step is to interpret the resulting velocity fields. For the purpose of making further calculations, the obtained parameters were presented in the .csv database format, which contains the coordinates of a point (x, y, z) and identifies the wind velocity there (Figure 11).



To determine the optimization parameter or the share of discomfortable zones, we use the threshold value of the wind velocity, compatible with a comfortable aeration regime of a residential area V = 4 m/s. To analyze and identify the share of discomfortable zones (k), we use the formula that was derived earlier, and the script was created in Excel. The script allows calculating discomfortable zones for each specific type of development, using only attributes of coordinates and wind velocities obtained in ANSYS Fluent in the .csv format and parameters of the development. The operation of the script can be described as follows:




	
The database in the .csv format, which has coordinates of each point of the development in the XY plane limited by the courtyard area, is downloaded from ANSYS Fluent and uploaded to the .xls file. The value of the wind velocity, determined by means of numerical simulation, is assigned to each point.



	
The script interface has two cells. The threshold wind velocity, beyond which the wind will be discomfortable, is to be entered into the first one. The second one has the area of the yard. The formula in Section 2.2 is used to calculate the share of discomfortable zones.



	
Then, the software calculates the share of discomfortable zones according to the formula and displays the result in the second cell.








All data on the share of discomfortable zones were collected in graphs to determine the dependence of the share of discomfortable zones on the geomorphological and urban planning parameters of the development.



Residential Development: Modeling the Aeration Regime on the Sloping Land of the Arctic Zone of the Russian Federation


Modeling results are presented as diagrams for each type of development, four directions, and six slopes. The results are presented as matrix and petal diagrams. As a result of theoretical modeling, the minimum share of discomfortable zones in the perimeter development was 15% of the total area of a courtyard. The maximum share of discomfortable zones was 41%. The result of the theoretical modeling of the sporadic morphotype of development was the minimum share of discomfortable zones that equaled 11%, and the maximum share reached 56%. The result of the theoretical modeling of the ribbon morphotype was the minimum share of discomfortable zones that equaled 18%, while the maximum share reached 62%. To find dependence between coefficient k, the slope gradient, the slope exposure, and the morphotype, it is necessary to present the results in the form of graphs and charts. Graphs showing dependence of coefficient k on the slope gradient were made for four types of exposures (Figure 12, Figure 13 and Figure 14). Excel software package was used to make these graphs.



The results of numerical modeling of wind flows in the perimeter development show that the north-facing slope is the most comfortable one (Figure 12). It is characterized by lowest k values. The gradient, varying from 65–135‰, is least comfortable for north-facing slopes, as there is a significant increase in k there. However, if the gradient exceeds 135‰, the share of discomfortable zones goes down. Hence, we can assume that this effect is connected to the boundary layer theory of G. Schlichting [6]. During the modeling experiment of wind flows running up the slope, it turned out clearly that, if the gradient reached 80–100‰, turbulation and substantial acceleration of the flow occurred, but if the gradient reached 140–160‰, the wind flow that divided the slope into two levels tore off; the upper flow became laminar, and the flow velocity went down drastically. South-, east-, and west-facing slopes had significantly higher values of k, but there was also an increase in the share of discomfortable zones at a gradient of 65–135‰.



Mathematical modeling, made for the sporadic morphotype, shows results similar to the perimeter morphotype (Figure 13). North-facing slopes can be considered the most comfortable, and north-facing development demonstrates the smallest share of discomfortable zones. In cases of ribbon and sporadic morphotypes, there is a sharp increase in the share of discomfortable zones k for the north-facing slopes by more than 40% when the slope gradient is 60–160‰. However, the opposite decrease in k by 15% is observed for west-facing slopes where the gradient varies from 90–160‰. For south-facing slopes, an increase in k at a gradient of 60–160‰ is not as significant as for east- and north-facing slopes, as it does not exceed 5%.



When wind flows in the sporadic morphotype of development are simulated, a larger share of discomfortable zones becomes more pronounced if the gradient is intermediate (Figure 14). It varies from 60–160‰ for this morphotype. There is more than a twofold increase in k there, if slopes face south, north, and east. However, on west-facing slopes an increase in k is observed at a gradient of 45–90‰, while if the gradient is 60 to 160‰ a decrease is observed. This effect is associated with the planning features of the development model.



Simulations and calculations were made for all 112 models and consolidated in a table of dependencies, showing the share of discomfortable zones for each type of development, 7 different gradients and 4 exposures of slopes (northern, southern, western and eastern). The obtained data were used to grade the lack of comfort represented by coefficient k (Figure 15).



Isofields of velocities and the pattern of flow distribution in the courtyard area were visually examined to make a gradation for each morphotype. It was found that if coefficient k was less than 25% discomfortable areas were observed between the side walls of buildings and, to an insignificant extent, along the perimeter of the courtyard area. At k of 25–40%, discomfortable areas were observed mainly along the perimeter of the courtyard area. At k over 40%, discomfortable areas were observed in the center of the courtyard area, or in the area where socially significant components of landscaping are located.



The table, showing dependence of the share of discomfortable areas on the gradient and morphotype of development (Table 5), was compiled on the basis of simulation results and analysis of the data obtained in the course of the study. The table of dependencies shows that the smallest share of discomfortable zones is characteristic of the perimeter type of development on north-facing slopes. Sporadic and ribbon morphotypes are least comfortable on the sloping lands of the Arctic zone of the Russian Federation. A substantial increase in the share of discomfortable zones is observed for gradients from 64 to 128‰ and all morphotypes.



Based on the available data, petal diagrams, or navigators, were made to choose the exposure and the morphotype of development for the sloping lands of the AZRF (Figure 16, Figure 17 and Figure 18). The diagram is a navigator that shows directions denoting four slope exposures (northern, southern, western, and eastern) and percent shares of discomfortable zones (k). The navigator helps to determine the exposure with the smallest share of discomfortable zones for slopes with a gradient varying from 52 to 190‰.



The petal diagram for the perimeter morphotype of development shows that the most discomfortable slope has eastern exposure and a gradient of 96‰ (Figure 16). For the western exposure, all values of the share of discomfortable zones vary between 26% and 35%. The northern exposure of the slope is most comfortable for the perimeter morphotype of development.



The petal diagram, made for the ribbon morphotype of development, shows that the most discomfortable gradient is 128‰; northern and eastern exposures are most discomfortable (Figure 17). On the whole, the range of shares of discomfortable zones is much wider for the ribbon morphotype in terms of all four exposures.



On the petal diagram made for the sporadic morphotype of development, the most discomfortable is the slope gradient of 96‰ for all exposures and 64‰ for the western exposure (Figure 18). For gradients greater than 128‰, there is a significant decrease in the share of discomfortable zones.



The table of dependencies and navigators allow to determine the most optimal morphotype for a particular slope gradient of the sloping area. A control experiment is needed to validate the results of the theoretical study.






5. Control Experiment


Neighborhood 403 in Murmansk, known as Skalny (Figure 19), was chosen for the control experiment. This neighborhood is located in the sloping area with a gradient of 5–220‰. It has a mixed type of development, composed of perimeter and ribbon morphotypes. The ribbon development in the southwestern part of the neighborhood is stretched along the vector of the prevailing discomfortable winter southwestern wind. The development density is 16.9%, and the average number of floors is nine.



5.1. Urban Planning Parameters


Basic urban planning factors, such as density, the average number of floors, and morphotypes of development, were calculated for the selected area. The density of the neighborhood (z1) is 16.9%; the average number of floors (z2) is nine. The morphotype (z3) is mixed with the predominance of ribbon and perimeter types (Figure 20). The ribbon development is located mainly in the areas with the highest gradient. The perimeter morphotype is concentrated in slightly sloping areas.




5.2. Aeration Regime Parameters


Basic parameters of aeration and temperature regimes in Murmansk are needed to determine the boundary comfortable velocity during the most discomfortable period (Table 6).



Winter is the most discomfortable season in Murmansk; southwestern wind direction prevails in winter there. Part of the neighborhood is located on the windward side relative to the prevailing wind direction in winter. The residential development of the ribbon type is located along the wind flow of the prevailing southwestern wind. The courtyards of some residential buildings are open to the main vector of wind flows. A decision was made to choose five different groups of residential buildings for further calculations and testing. Even though they belong to the same morphotype, they are located on the slopes, having different gradients.




5.3. Geomorphological Parameters


The site has a southwestern exposure of the slope; it is located on the windward side relative to discomfortable southwestern wind. The gradient of the site in question varies from 5 to 220‰. Areas with the highest gradient accommodate the ribbon development (S1, S2); areas with the lowest gradient accommodate the perimeter development (P1, P2, P3).



The ribbon development of the first type (S1) is located on the site with the maximum gradient (u1) of 40–200‰. The exposure of the slope (u2) is southwestern; the slope is located on the windward side relative to discomfortable south-easterly wind, typical for the winter season. The residential development has four nine-story buildings placed diagonally along the main vector of the southwestern wind flow.



The ribbon development of the second type (S2) is located on a site with a relatively flat topography and a characteristic gradient (u1) of 20–50 ‰ (Table 7). The exposure of the slope (u2) is southwestern. Four nine-story residential buildings are located diagonally to the main direction of the southwestern wind.



The perimeter development (P1) is a group of four nine-story buildings with semi-enclosed courtyards, two of which are located on the windward side having a southwestern exposure, and the other two have a northwestern exposure, but they are protected from prevailing discomfortable wind (Table 7). Potentially discomfortable are the areas between the end sides of buildings located on the same axis as the direction of the wind flow. The site has a relatively smooth terrain; its gradient (u1) varies from 5–30‰, and its exposure (u2) is southwestern.



The perimeter development of the second type (P2) is located on a relatively mild slope oriented toward northeast (u2) (Table 7). The gradient (u1) varies from 30–120‰. This is a group of two buildings; their courtyards have a northeastern exposure and are protected from discomfortable southwestern winds. Relying on the theoretical research, one can assume that the area between the two buildings may be discomfortable due to significant wind acceleration because of the wind tunnel effect. The wind flow, coming from the rear façades of the buildings, can also intensify.



The perimeter development (P) is located on a site with a large gradient difference (u1) from 30–220‰; the exposure (u2) of the slope is southwestern (Table 7). The group has five nine-story buildings; courtyard spaces are located on the windward side and oriented toward southwest.



To determine the share of zones of discomfort and, hence, to verify the results of the theoretical study discussed in Chapter II, mathematical CFD modeling was performed using the ANSYS Fluent software package; visualization and processing of the results were performed using the ANSYS Workbench calculation platform. For the purposes of further modeling and research, we made a solid model of the development and a computational grid imitating the geometry of the neighborhood development and the mesorelief of the area (Figure 21). The number of floors in all buildings of Skalny neighborhood was preserved.



Further, boundary and initial calculation conditions were set. Boundary conditions were the same as in the theoretical study. In addition to boundary conditions, we needed to set the initial parameters in each cell within the computational domain. For the purpose of this calculation, initial conditions are the input velocity, which is assumed to be the average velocity of the most discomfortable winter period in Murmansk, when the wind velocity is 4.9 m/s, as determined in Section 2.2, and the dominant direction of the flow vector, which is southwestern.



The second stage of the experiment is an assessment of the exposure and morphotype of development. To obtain data on the speed and direction of wind flows in the area, simulation in ANSYS Fluent was made. After that, the data were exported to ANSYS Workbench software module as a database, and the results were visualized in the form of wind zoning maps (velocity isofields).



Calculation results (velocity isofields), visualized in ANSYS Workbench (Figure 22 and Figure 23), clearly show that the zones of significant wind velocity amplification are observed in the areas of ribbon and group development. Courtyard areas of the perimeter development P1, P2, and P3 are well protected from the wind, but the least comfortable areas emerge in between the buildings due to the wind tunnel effect (P1, P2). Since there are important elements of landscaping in these areas, such as a playground between the P2 buildings, they need additional protection from wind. Additionally, areas of discomfort emerge between the main long sides of the buildings of the ribbon morphotype S2. However, the acceleration of wind flows is obviously lower around the buildings of the ribbon morphotype S1. Significant wind acceleration in the S2 development is explained by the fact that it is located at the foot of the slope, while S1 is in the middle of the slope and closer to its top. A decrease in the wind velocity for S1 is explained by the fact that there are other buildings in front of the residential group, which serve as wind proofing in this case.



Same as in the theoretical study, by comparing the average speed and average temperature of cold periods typical for Murmansk with E.M. Ratner’s table, we assume that the threshold value of the wind speed compatible with the aeration regime that ensures comfortable living is V = 4 m/s. Then, we apply the exported wind speed databases and a script created in Excel to each point in the courtyard to calculate the share of discomfortable zones for each courtyard area.



To calculate the share of discomfortable zones, we selected courtyard areas of five groups of residential buildings belonging to different morphotypes (two types of the ribbon development, three types of the perimeter development). Figure 24 shows the boundaries of courtyards and their dimensions.



Having determined the dimensions of courtyards for each type of development using the formula derived above, we calculated the percentage of discomfortable zones.



Based on the results of the theoretical study and the most discomfortable zones identified in the course of the research, navigators were developed to select the slope exposure with the lowest share of discomfortable zones for different types of gradient (Table 8). These navigators were used (Figure 25) to verify the data obtained in the course of the control experiment. Having compared the data obtained in the course of the control experiment with the simulation data described in Section 2, we can argue that coefficients k for each morphotype, exposure, and gradient correspond to the matrix of dependencies and “navigators” obtained by means of the theoretical study.



Figure 26 shows that the courtyard areas of all groups of houses are outside the boundaries of comfort, and group S1 has a very large share of discomfortable zones according to the results of the theoretical study. To correct, or to reduce, the share of discomfortable zones, it is necessary to apply methods of improving aeration comfort by taking actions aimed at protecting these areas from wind.



Given the results of the control experiment, the findings concerning the influence of the morphotype, gradient, and exposure on the aeration regime and the available wind proofing methods, a project proposal was developed for Skalny neighborhood in Murmansk to protect it from wind (Figure 26). We propose three types of actions to correct the aeration regime in the current development; they include wind proofing landscape structures, wind proofing walls, and single- and multi-row tree planting.



Wind-shielded playgrounds are proposed for P1 and P2 groups of buildings because a discomfortable drafty zone is formed near the school building, and in this case, landscape structures can be multifunctional: they can reduce the speed of wind flows and act as playgrounds for children. Wind proofing by planting trees and shrubs was proposed for S1 and S2 groups of buildings. The areas of discomfort between groups P1 and P2 were eliminated by building windproof walls along the main driveway.



As a result of wind-proofing actions, k coefficients decreased to the boundary value of aeration comfort. The values of coefficient k were marked on the petal diagrams to indicate the boundary of discomfort at the gradients of 52–190‰ (Figure 25). Relying on the existing studies, we can argue that the proposed actions can reduce Y coefficient by 30–70%. The proposed wind proofing actions were selected to improve the areas of discomfort in respect of all factors, including those dealing with geomorphology, aeration, and urban development. After the implementation of wind proofing actions, the values of all k factors reduced to the threshold of comfort, which demonstrates the effectiveness of the proposed method of assessment of the share of discomfortable zones in residential development areas on the sloping lands of the Arctic zone of the Russian Federation.





6. Discussion


Many scientists, including E.I. Retter, E.M. Ratner, F.L., V.D. Olenkov, and O.I. Poddaeva, addressed the aeration regime of residential development in the domestic research literature. F.L. Serebrovsky, N.N. Zaitseva, and I.V. Dunichkin determined the aerodynamic coefficients for the vertical surface of a building and the mutual influence of buildings in a group subjected to air flows, but the influence of the slope on the aeration of buildings was not taken into account [37,38,39]. Problems of interaction between the slope and the aeration regime were studied by V.D. Olenkov. F.L. Serebrovsky also studied the influence of slope parameters on the aeration regime and determined the coefficients of wind speed change in different terrain conditions compared to open flatlands [40]. However, the influence of these parameters and urban development features of residential development on sloping land under low temperature conditions were not considered. During the experiment, it was determined that the slope with the eastern exposure and a gradient of 96‰ is most discomfortable for the perimeter morphotype of development; it is obvious that the most discomfortable conditions for the ribbon morphotype of development include the slope that has a gradient of 128‰, northern and eastern exposures, the slope gradient of 96‰ for all exposures, and 64‰ for the western exposure are most uncomfortable for the sporadic morphotype of development. As a result of simulation, a table of dependences between the share of discomfortable zones, the gradient and the morphotype of development was made and petal diagrams were plotted; they can be used to draft an area planning project.



Recent studies on the development of the Arctic zone of the Russian Federation (Velli, Dokuchaev, Belyaev, etc.) offer recommendations with a focus on frozen soils and low temperatures [41]. However, the aeration regime, directly affecting the comfort of the environment, is not taken into account. Current standards request that emerging innovative technologies must be taken into account. Current guidelines for the assessment and regulation of wind in residential areas require the introduction of advanced methods and tools needed to assess the aeration regime [42]. Construction norms, developed for the Arctic, mainly solve the problem of construction in conditions of permafrost soils, while current general norms and standards of construction cannot be applied to the development of residential areas in the AZRF because they do not take into account the climatic characteristics of the region.



This research and pilot test, conducted in the Skalny neighborhood, have demonstrated the applicability of the ANSYS Fluent software package to the assessment of the aeration regime in the residential development built in the sloping areas of the AZRF [35,43]. The effectiveness of CFD modeling is confirmed by many studies completed by such authors as Hu, Cheng, and Qian. Studies of domestic scientists Valger and Fedorov confirm that mathematical modeling in ANSYS Fluent allows us to obtain the results necessary to determine the most optimal compositional and spatial solutions for residential development with regard to aeration comfort [32,44].



The study demonstrated the effectiveness of current actions taken to reduce the share of discomfortable zones in residential developments on the slopes of the AZRF, which confirms the validity of research made by such authors as Dolzhenkova, Kalashnikova, and others [45,46]. Wind proofing structures can be multifunctional in the Arctic zone; for example, they can function as landscaping elements or playgrounds.




7. Conclusions


The urban development of areas in the Arctic zone of the Russian Federation has numerous unique features, and comfortable living in this area depends on the ability to take them into account. The results of this study demonstrate the applicability of the method to the assessment of the aeration regime of residential buildings on the sloping lands of the Arctic zone of the Russian Federation. Development of research projects, focused on the study and assessment of the aeration regime in built-up residential areas on the sloping lands of the Arctic zone of the Russian Federation is feasible, if other morphotypes of residential buildings on sloping lands are also considered with account taken of the research projects focused on the formation and assessment of the aeration regime in areas having different natural and climatic conditions. This topic can be developed in a study of wind proofing actions and their ability to effectively reduce the share of discomfortable zones. The economic and environmental substantiation of assessments of the aeration regime of residential buildings on sloping lands of AZRF is feasible. Any identified regularities, features of assessment, and formation of the aeration regime of residential areas on the sloping lands of the AZRF can be applied to introduce and substantiate urban planning regulations within the framework of regulatory documents governing the sustainable development of settlements in the Arctic zone of the Russian Federation.
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Figure 1. Research stages. 
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Figure 2. Topographic map of the Arctic zone of the Russian Federation. 






Figure 2. Topographic map of the Arctic zone of the Russian Federation.



[image: Buildings 12 01627 g002]







[image: Buildings 12 01627 g003 550] 





Figure 3. Topographic maps showing boundaries of residential areas in: (a) Anadyr, (b) Dudinka, (c) Naryan-Mar, and (d) Murmansk. 
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Figure 4. The ratio of residential areas, located on slopes, to residential areas located on flatlands: (a) Anadyr, (b) Dudinka, (c) Naryan-Mar, and (d) Murmansk. 
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Figure 5. The case of GIS analysis of the slope exposure of settlements in the Arctic zone of the Russian Federation; part of the territory of the Murmansk region. 
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Figure 6. Wind rose characteristic of AZRF settlements in winter (according to RosHydroMet, the Russian meteorological service). 
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Figure 7. Determination of the boundary velocity for a theoretical study on the aeration regime in the residential development on sloping lands of the AZRF. 
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Figure 8. Theoretical model of the aeration regime of the residential development on the sloping lands of the Arctic zone of the Russian Federation with boundary conditions for modeling purposes. 
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Figure 9. Method of modeling the aeration regime of residential buildings on sloping lands of the Arctic zone of the Russian Federation. 
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Figure 10. A systematic approach to the study of the aeration regime of residential construction on the sloping lands of the Arctic zone of the Russian Federation. 
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Figure 11. An example of the wind velocity database in the .csv format that demonstrates the share of discomfortable zones. 
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Figure 12. The dependence of k on the slope gradient for the perimeter type of development. 






Figure 12. The dependence of k on the slope gradient for the perimeter type of development.



[image: Buildings 12 01627 g012]







[image: Buildings 12 01627 g013 550] 





Figure 13. Dependence of k on the slope gradient for the ribbon development. 
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Figure 14. Dependence of k on the slope gradient for the sporadic type of development. 
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Figure 15. Graded aeration comfort of the residential development on the sloping lands of the AZRF. 
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Figure 16. The petal diagram showing the breakdown of the share of discomfortable zones k for the perimeter type of development, gradients from 52–190‰, and four exposures of the slope. 
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Figure 17. The petal diagram showing the breakdown of discomfortable zones k for the ribbon type of development, at gradients from 52–190‰, and four exposures of the slope. 
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Figure 18. The petal diagram showing the breakdown of discomfortable zones k for the sporadic type of development, at gradients from 52–190‰, and four exposures of the slope. 
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Figure 19. Design project of neighborhood 403, Murmansk, including the topographic contour and the prevailing wind direction. 






Figure 19. Design project of neighborhood 403, Murmansk, including the topographic contour and the prevailing wind direction.



[image: Buildings 12 01627 g019]







[image: Buildings 12 01627 g020 550] 





Figure 20. Site design developed for Neighborhood 403, Murmansk, that indicates the morphotypes of development and the prevailing wind direction. 
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Figure 21. Computational model for mathematical simulation of aeration regime in ANSYS Fluent. 
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Figure 22. Velocity isofields obtained as a result of simulation, Level 1. 






Figure 22. Velocity isofields obtained as a result of simulation, Level 1.



[image: Buildings 12 01627 g022]







[image: Buildings 12 01627 g023 550] 





Figure 23. Velocity isofields obtained as a result of simulation, Level 2. 
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Figure 24. Dimensions of courtyard areas in Neighborhood 403, Murmansk. 
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Figure 25. Petal diagrams showing the boundary of discomfort at gradients 52–190‰ and data on the share of discomfortable zones k: (a) perimeter morphotype, (b) ribbon morphotype. 
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Figure 26. General plan of Skalny neighborhood and windbreaks. 






Figure 26. General plan of Skalny neighborhood and windbreaks.



[image: Buildings 12 01627 g026]







[image: Table] 





Table 1. Average statistical aeration parameters of AZRF settlements in the winter period.
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	Average Air Temperature in the Season of Discomfort
	Average Wind Speed, M/S, in the Period with an Average Daily Air Temperature ≤ 8 °C
	Prevailing Wind Direction in December–February





	−18
	4.9
	SW










[image: Table] 





Table 2. Principal urban planning parameters of residential areas on the slopes of AZRF settlements.
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	No
	Name
	Building Density
	Average Number of Stories
	Built-Up Area, Ha
	Morphotype
	Max. Gradient of the Built-Up Area, %





	1
	Neighborhood 1
	0.93
	9
	39.8
	Ribbon, perimeter, sporadic
	290



	2
	Neighborhood 2
	1.1
	8.8
	24.5
	Ribbon, perimeter
	210



	3
	Neighborhood 3
	1.05
	9
	15.7
	Perimeter
	90



	4
	Neighborhood 4
	0.71
	9
	27
	Sporadic
	240



	5
	Neighborhood 5
	0.62
	7.1
	21.7
	Perimeter
	200



	6
	Neighborhood 6
	1.2
	9
	19.5
	Perimeter
	180



	7
	Neighborhood 7
	0.89
	5.2
	21.8
	Perimeter
	110
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Table 3. Models used in the theoretical study of the aeration regime of residential development on the sloping lands of the AZRF.
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	Morphotype 2

Perimeter

Semi-Enclosed Development with a Shared Courtyard
	Morphotype 3

Ribbon

Development Composed of Highly Maneuverable Individual Buildings on the Slope
	Morphotype 4

Sporadic

Curvilinear Ribbon Development





	 [image: Buildings 12 01627 i001]
	 [image: Buildings 12 01627 i002]
	 [image: Buildings 12 01627 i003]



	Building density coefficient: 0.95
	Building density coefficient: 0.95
	Building density coefficient: 0.95



	Average number of floors: 9
	Average number of floors: 9
	Average number of floors: 9
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Table 4. Fragment of tables showing isopoles of wind flow velocities for perimeter, sporadic, and ribbon morphotypes.
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‰

	
North

	
West

	
South

	
East






	
Perimeter morphotype




	
96

	
 [image: Buildings 12 01627 i004]

	
 [image: Buildings 12 01627 i005]

	
 [image: Buildings 12 01627 i006]

	
 [image: Buildings 12 01627 i007]




	
Max V

	
Max. wind velocity: 8.3 m/s

	
Max. wind velocity: 5.3 m/s

	
Max. wind velocity: 7 m/s

	
Max. wind velocity: 8.3 m/s




	
128
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Max V

	
Max. wind velocity: 9.3 m/s

	
Max. wind velocity: 8 m/s

	
Max. wind velocity: 7.4 m/s

	
Max. wind velocity: 6.3 m/s




	
Sporadic morphotype




	
96
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Max V

	
Max. wind velocity: 8.3 m/s

	
Max. wind velocity: 5.3 m/s

	
Max. wind velocity: 7 m/s

	
Max. wind velocity: 8.3 m/s




	
128
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Max V

	
Max. wind velocity: 9.3 m/s

	
Max. wind velocity: 8 m/s

	
Max. wind velocity: 7.4 m/s

	
Max. wind velocity: 6.3 m/s




	
Ribbon morphotype




	
96
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Max V

	
Max. wind velocity: 7.3 m/s

	
Max. wind velocity: 9.3 m/s

	
Max. wind velocity: 6.2 m/s

	
Max. wind velocity: 8.3 m/s




	
128
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Max V

	
Max. wind velocity: 8.3 m/s

	
Max. wind velocity: 9.2 m/s

	
Max. wind velocity: 7.4 m/s

	
Max. wind velocity: 9.1 m/s
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Vmin 0 m/s

	

	

	
Vmax 10 m/s




	
Wind velocity scale
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Table 5. Table of dependencies of the share of discomfortable zones on the gradient and morphotype of development.
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Values of the Share of Discomfortable Zones K at Different Gradients (u1)
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 [image: Buildings 12 01627 i031]




	
‰

	
N

	
W

	
S

	
E

	
N

	
W

	
S

	
E

	
N

	
W

	
S

	
E




	
52

	
16

	
35

	
22

	
32

	
23

	
34

	
32

	
36

	
33

	
45

	
42

	
29




	
64

	
18

	
35

	
28

	
26

	
18

	
57

	
34

	
18

	
25

	
39

	
35

	
25




	
96

	
27

	
33

	
31

	
41

	
45

	
23

	
47

	
56

	
19

	
37

	
39

	
43




	
128

	
22

	
32

	
29

	
24

	
18

	
36

	
27

	
13

	
52

	
23

	
40

	
62




	
160

	
21

	
30

	
25

	
23

	
15

	
35

	
29

	
11

	
18

	
34

	
37

	
29




	
190

	
17

	
26

	
21

	
18

	
14

	
33

	
25

	
10

	
19

	
32

	
35

	
28
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Table 6. Natural climatic characteristics of the winter period in Murmansk.






Table 6. Natural climatic characteristics of the winter period in Murmansk.





	Average Air Temperature of the Discomfortable Period
	Average Wind Velocity, M/S, during the Period with Average Daily Air Temperature ≤ 8 °C
	Prevailing Wind Direction in December–February





	−18
	4.9
	SW










[image: Table] 





Table 7. Principal parameters of groups of residential buildings in question.
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u1

	
u2

	
Parameters






	
S1

	
 [image: Buildings 12 01627 i032]

	
from 40‰to

200‰

	
SW

	
The ribbon development of the first type (S1) is located in the highest gradient area (u1) equaling 40–200‰. The exposure of the slope (u2) is southwestern; residential buildings are located on the windward side relative to discomfortable south-easterly wind characteristic of the winter period. The group of residential buildings has four nine-story buildings placed diagonally along the main vector of the southwestern wind flow.
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S2

	
 [image: Buildings 12 01627 i034]

	
from 20‰

to

50‰

	
SW

	
The ribbon development of the second type (S2) is located on relatively flat terrain with a characteristic gradient (u1) of 20 to 50‰. The exposure of the slope (u2) is southwestern. Four nine-story residential buildings are placed diagonally along the main direction of the southwestern wind flow.
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P1

	
 [image: Buildings 12 01627 i036]

	
from 5‰

to

30‰

	
SW, NW

	
The perimeter development (P1) is a group of four nine-story buildings with semi-enclosed courtyards, two of which are located on the windward side, and they have a southwestern exposure; the other two have a northwestern exposure, although they are protected from prevailing discomfortable wind. Potentially discomfortable are the areas between the end walls of the buildings located on one axis with the direction of the wind flow. The site has a relatively flat topography; its gradient (u1) varies from 5 to 30‰, and its exposure (u2) is southwestern.
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P2
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from 30‰

to

120‰

	
NE

	
The perimeter development of the second type (P2) is located on a relatively slight slope oriented toward northeast (u2). The gradient (u1) varies from 30 to 120‰. The development is a group of two buildings; their courtyards have a northeastern exposure; hence, they are protected from discomfortable southwestern wind. Given the theoretical research, one can assume that the area between the two buildings may be discomfortable due to significant wind acceleration caused by the wind tunnel effect. The wind flow, coming from the rear façade of the buildings, also accelerates.
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P3
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from 30‰

to 220‰

	
SW

	
The perimeter development (P) is located in the area that has a large gradient difference (u1) of 30 to 220‰; the exposure (u2) of the slope is southwestern. The group has five nine-story buildings; its courtyard spaces are located on the windward side and oriented toward southwest.
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Table 8. Results of simulation of Neighborhood 403, Murmansk, needed to determine the share of discomfortable zones in the residential development on the sloping lands of the Arctic zone of the Russian Federation.
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Morphotype

	
S1

	
S2

	
P1

	
P2

	
P3
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Gradient, ‰ (u1)

	
40–200‰

	
20–50‰

	
5–30‰

	
30–120‰

	
30–220‰




	
S dis. zones, m2 (Y)

	
5019.1

	
1026.9

	
9730.9

	
6054.4

	
3875.2




	
Share of dis. zones (k)

	
72%

	
28%

	
30%

	
33%

	
37%
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