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Abstract: This paper addresses wind conditions in urban building development at the pedestrian
level. The article aimed to identify aerodynamic phenomena around three types of multi-family
housing developments with different forms and the same urban parameters of building develop-
ment density (high density was taken into account). The aim of the research was mainly to achieve
qualitative results that would lead to understanding fundamental processes and phenomena. Wind
tunnel experimental studies were conducted on physical models at a scale of 1: 400 using visualiza-
tion and erosion methods. These experiments yielded data regarding the arrangement of airflow
directions and changes in airflow velocity, expressed as the amplification coefficient (a), the occur-
rence of which was caused by the presence of buildings. An analysis was conducted concerning
wind conditions that constitute pedestrian comfort and influence the possibility for ventilation of
spaces between buildings for the three selected models. The research results were compared, and
an attempt was made to assess the most beneficial and the least favorable building development
types in this respect.

Keywords: urban planning; sustainable city; environmental wind engineering;
multi-family housing

1. Introduction

Wind phenomena play vital roles in creating the mesoclimate quality of modern cit-
ies. In addition to the generally accepted principles concerning the protection of residen-
tial spaces against high wind conditions, proper ventilation of such spaces should be en-
sured. Providing an area with proper ventilation facilitates temperature regulation and
the removal of air pollutants. In temperate climate zones, such an approach entails the
necessity to limit phenomena that both excessively intensify airflow velocities (owing to
the need to ensure pedestrian comfort and protect buildings against cooling) and limit air
circulation. The latter goal seems especially important given the urban heat island phe-
nomenon, which proves burdensome for large cities and in the light of smog-related is-
sues.

The genesis of research on wind conditions around buildings and within urban tissue
has been described in the literature [1-3]. Since the 1970s, efforts to connect aerodynamic
research with architectural design and urban planning have intensified [4-9]. Protection
against adverse wind effects and attempts to shape the human environment microclimate
with wind affect both architectural solutions (e.g., optimization of building forms regard-
ing their surrounding airflow or the use of natural ventilation) and urban solutions (e.g.,
taking into account the so-called aerodynamic effects in shaping building development
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complexes). Moreover, the two above factors influence landscape design in cities. They
translate into the deliberate formation of built-up area layouts with regard to open areas,
including green areas (e.g., city ventilation corridor systems).

The development of numerical methods proved to be a milestone in research on wind
effects around buildings [3,10,11]. Such methods provide reliable results. At the same
time, they are relatively fast and inexpensive in examining simplified systems of solids
that fail to fully reflect the complexity of the actual geometric structure of the city [12-18].
Cases that involve complex, multi-element building development systems pose more dif-
ficulty and are less frequently found in the source literature [6,8,10,19-21]. Ventilation and
wind comfort assessments are commonly conducted by commercial companies and con-
sultancy companies. Primarily, the results are not published but only occasionally pre-
sented at conferences or workshops. A notable lack is observed concerning systematic sci-
entific investigations to provide data and information at a higher level of abstraction than
the regular consultancy work. The present article provides an attempt to partially fill this
gap to better understand the processes around typical yet complex layouts. As an inter-
disciplinary team, the authors aimed at a level as profound as possible but understandable
to specialists in architecture, urban planning, and wind engineering. Although the rela-
tionships between building shapes, winds, and the quality of the city's mesoclimate have
been demonstrated in the source literature [22], the issue is not yet adequately reflected in
urban planning practice. In Poland, for instance, wind issues are only considered in rela-
tion to the requirements for the design of high-rise buildings and buildings within the city
ventilation corridors. Meanwhile, in large cities subject to constant structure densification,
most erected building developments fail to be designed with wind phenomena in mind
[23-25]. Yet, such buildings exert a genuine impact on wind phenomena.

This article continues to search for methods to support architects and urban planners
in making decisions at the early investment planning stages that affect the possibilities of
ventilating urban spaces. At these stages, land use efficiency provides the leading crite-
rion. Investors and development companies use it as a guiding aspect to maximize profit;
city authorities apply the criterion (while issuing regulations, including those regarding
the permissible density of building development) to develop the sparse land resources
available as effectively as possible. Therefore, dilemmas in establishing local law and in-
vestment planning are closely related to the building development density. This is the
case in Poland and other countries where cities are subject to intensive compaction. From
this point of view, the ability to compare wind phenomena around buildings with differ-
ent geometric forms but similar land use efficiency parameters seems crucial. This article
attempts to propose a method for such comparisons.

The present article aims to analyze aerodynamic phenomena at the pedestrian level
around the three most common types of multi-family residential developments character-
istic of urban areas. Theoretical geometric models corresponding to these types were ap-
plied. They differ in shape but occupy the plot area of the same size, which allows the
creation of a similar number of apartments for a comparable number of inhabitants. Dif-
ferences were observed, and a comparison was made between various wind conditions
that account for pedestrian comfort and provide a possibility to ventilate spaces between
buildings. Moreover, an attempt was made to assess the most and the least advantageous
building developments in this respect.

Geometric models were applied to represent multi-family housing developments
commonly found in European cities in temperate climate zones. Although the models are
purely theoretical, they do include proper features from the scope of architectural design
and urban planning.

The analyses were based on experimental research conducted in a wind tunnel using
two complementary visualization techniques described below. Most importantly, the se-
lected methods provide qualitative results that allow for a thorough recognition of the
nature of flow phenomena in a given building layout configuration. The results may also
offer a chance to develop an intuitive understanding of these phenomena.
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2. The Research Subject

The research was focused on multi-family residential buildings developments, which
constitute the majority of buildings in large cities. The research subject comprised three
basic types of housing development:

»=  Sectional developments—buildings with rectangular, not elongated layouts;
*  Linear developments—buildings with elongated layouts;

*  Quarter developments—buildings with inner courtyards.

The first two types of building development mentioned above are characteristic of
modernist trends from the beginning of the 20th century. On the other hand, the third one
is based on the quarterly building pattern typical of historic urban layouts. Such geometric
systems can be readily found in the spatial structure of many European cities. They also
constitute the majority of multi-family building developments in Polish cities (Figure 1).
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Figure 1. Types of housing building developments from the left: sectional, linear, and quarter models, examples of Warsaw
housing estates from the last 30 years; source: Google maps.

The research aimed to identify the phenomena within urban conditions that are the
most problematic in terms of ventilation and the city's mesoclimate quality. Undoubtedly,
these conditions are observed in buildings with high land use density [26], which is typical
for the central city zones as well as in the city outskirts. This situation results from the
"urban sprawl" phenomenon referred to in the source literature. Therefore, models devel-
oped by Jan Pallado, an architect, were applied to illustrate the three types of multi-family
building development [27]. The examples demonstrate how these building developments
may be designed for different densities on a square-shaped plot of land, 2 ha in total. The
models account for the most significant urban planning and architectural conditions, such
as the necessary roads, car parks, biologically active and recreational areas, and daylight-
ing conditions in apartments. The above conditions result from the regulations and stand-
ards in force in Poland and good design practices [28]. Among the models developed by
Pallado, the ones that illustrate a high degree of land use efficiency were selected (Figure
2). They are described by the following parameters:

] Number of flats per a hectare of the plot area, assumed 200-300 flats/1ha;

*  Population density expressed in the number of residents per hectare of the plot area,
assumed 600-900 residents/1ha;

*  Building development density expressed as floor area ratio (FAR, the ratio of the
total area of building developments, all above-ground stories, to the plot area on which it
is situated), assumed 200-300.
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Figure 2. Axonometric views and plans of building development models used in the research: sectional (a), linear (b), and
quarter (c); dimensions in meters; a study by the authors based on [27].

3. Research Methods
3.1. Research Techniques

The research was conducted in a wind tunnel with a closed measuring space of 1 m
by 1 m (the tunnel's cross section also equals 1 m by 1 m).

The wind structure at the ground level was modeled by designing the velocity profile
and turbulence intensity distribution according to the following norm: PN-EN 1991-1-4:

0,19
2008 [29]. The velocity profile was obtained from the following formula: Z = (i) ,
Vio  \10

where V;, is wind velocity at a height of 10 m above the ground (m/s), and z is the height
above ground level, in meters. The adopted wind velocity profile corresponds to the char-
acteristics of building developments in suburban areas. The profile was assumed because
many newly built housing estates in large cities are erected in satellite districts in the out-
skirts of cities. The intensity of turbulence was calculated from the following formula: Iv
(z) = 1/In (z/z0).

The boundary layer in the model tests above the wind tunnel's floor was obtained by
converting the dependencies for the ground layer onto the model scale of 1:400 (ﬁ =

400
In order to map the ground layer within the tunnel, elements in the form of spikes

and blocks were installed to disturb the wind flow and provide roughness (Figure 3). The
elements were placed at the tunnel's base in front of the study area where the modeled
building development was set. Relatively good compliance was observed between the av-
erage velocity profile measurement results and the intensity of turbulence with the de-
sired characteristics at the height of up to 100 m. This correspondence is sufficient for the
study of the pedestrian area level (Figure 4).

0,19
(L) , Where V4, is wind velocity 400 mm above the tunnel floor (m/s)).
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Figure 4. Distribution of velocity and intensity of turbulence.
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Velocity was measured with a thermo-anemometer at 90 points along the entire
length of the tunnel. As the probe was lowered, the distance between successive measure-
ment points was reduced. The accuracy of the measurement was 0.2 m/s. Five measure-
ments were taken for each measured point. Each measurement was obtained by averaging
the probe readings by over 3 seconds.

To perform tests for this research study, the assumed Reynolds number was greater
than 5 x 10*. In the case of actual flow, it is higher by several orders. In tunnel studies, it
is challenging to obtain a Reynolds number equal to the actual value. However, for objects
with sharp edges, the flow is highly turbulized, and detachments and vortices appear.
Therefore, the flow is relatively insensitive to the Reynolds number. Methods for ground-
layer modeling similar to those applied in this research were described in [10,11,30,31]
and elsewhere.

During the tests, fan operation parameters were controlled to ensure identical run-
up of the wind tunnel at each measurement.

The model's scale, i.e., 1:400, was adjusted to the size of the measurement area, i.e., a
circle with a diameter of 1 m. The buildings were centrally located at a certain distance
from the tunnel's sidewalls so that their proximity would not significantly affect the flow.

Two complementary field methods—oil visualization and sand erosion technique —
were chosen. Both techniques yield results that are understandable to non-specialists in
the field of wind engineering. In addition, they are relatively simple and effective. Oil
visualization reflects the wind flow directions, mainly when a series of images are ana-
lyzed that are recorded during the entire test (from the beginning of the tunnel's run until
the visualization image is made). The erosion method, in turn, shows the alterations in
wind velocity.

The oil visualization method reflects the nature of physical phenomena better than
the erosion method. It makes it possible to understand the structure of airflows at the
ground level, lines of airflow currents, and the penetration of airstreams in built-up areas.
A characteristic feature of this method is that oil, having high viscosity and due to its
inertia feature, precisely depicts the main high-energy air stream. Moreover, oil resists
lower-energy secondary movements in the flow, which result from a turbulized airflow.
Visualization of flows by erosion method is more sensitive to minor local disturbances in
the flow.

On the other hand, the erosion method makes it possible to obtain colorful images
that depict zones with contours where constant airflow velocities occur in the examined
area. Thus, zones in which the variable area ventilation intensity occurs are identified and
visualized. As they present the amplification coefficient distribution, results obtained with
the erosion method indicate areas where the velocity can increase or decrease signifi-
cantly. Thus, erosion points to the spots that might become dangerous at high wind ve-
locities, especially those that significantly exceed the pedestrian comfort limit, i.e., 5 m/s.
Erosion also indicates the least ventilated places, where the airflow is relatively slow, i.e.,
airflow velocity drops below 2 m/s.

The results yielded by applying the two methods, despite being of qualitative nature,
accurately reflect the flow image and allow for a meticulous analysis [1,11]. Most im-
portantly, such analysis aims to properly recognize the nature of airflow phenomena in a
given configuration of building layouts and develop an intuitive understanding of these
phenomena.

3.1.1. Oil Visualization Technique

The building development model, on a scale of 1:400, was attached to the base made
of black glass in the shape of a circle, whose diameter equaled 1 m. The surface of the base
between the buildings was painted with oil with the addition of a white marker. In the
case of the presented study, the model was exposed to airflow at a velocity of 16 m/s for
15 minutes. Pictures were taken every 15 seconds. On the basis thereof, a video was made
to observe the nature of the flow around building models. Selected attempts were
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repeated, and no significant differences were revealed. The last photo from the sequence
provided the final research result. It was marked with graphic symbols observed based
on the entire material of the phenomenon (Figure 5).

Figure 5. A photograph presents the result of the oil visualization, together with a graphical inter-
pretation of the observed wind phenomena (on the example of quarter development); the arrows
indicate the direction of airflow and airflow turbulences. Inside the courtyard, in the leeward zone
(behind PW1), the zone of wake flows (hatched area) is visible; the stagnation zone is the area in the
central part of the courtyard (marked with a white marker), and the reflected air zone is visible (no
white marker) in the windward zone in front of PW2.

3.1.2. Sand Erosion Technique

A detailed description of the sand erosion technique can be found in [1,30]. The re-
search was conducted in accordance with the principles given therein. The study was con-
ducted for a gradually increasing velocity, starting with the value of 7.3 m/s up to 16 m/s,
approximately every 0.8 m/s. For velocities below 7 m/s, no erosion phenomenon was ob-
served in the studied area. Based on the research, maps were developed on which the
distribution of the amplification coefficient-a was marked in various colors (Figure 6).
The factor shows the ratio of velocity that occurs in the flow at the ground level (at a
distance of 1.75 m from the ground) in the presence of buildings to the reference velocity
at the same altitude if the flow is undisturbed. As shown in [1,11], it is not necessary to
measure the velocity in the boundary layer to determine the abovementioned coefficient.
It is enough to arrive at the flow velocity for which the sand is blown off, present any-
where in the tunnel (in the case discussed here, at the height of 0.6 m from the base), and
identify the currently set velocity. In zones where a>1, the airflow accelerates due to the
presence of buildings. These areas are defined as places of good ventilation. Though the
likelihood of strong gusts of wind is present, this technique does not make them apparent.
However, if a <1, the flow in these areas slows down or forms stagnation zones (pollutant
concentrations might maintain high levels or unpleasant odors might be captured, and
natural ventilation inside buildings can be reduced, as external conditions trigger such
ventilation).
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Figure 6. An example of the final colored map presenting the distribution of amplification coeffi-
cient-a, created based on sand erosion (on the example of quarter development); a study by the
authors.

When the average or maximum wind velocity (v) in the city is identified at the pe-
destrian level, an approximate velocity in the presented built-up areas can be determined
as w = av, based on the amplification coefficient.

Wind velocity occurring in Polish climate conditions fluctuates on an annual scale
from 1.16 to 12.09 m/s, the average velocity equals about 3.5 m/s, while in the case of a city
such as Warsaw, it reaches about 4 m/s [32]. Taking into account the wind comfort condi-
tions described in numerous publications [33-38], the color layout may be interpreted as
follows:

= Red a€ (1.36-1.25)—the most intense ventilation; even at low wind velocities, the
conditions are very uncomfortable for pedestrians;

] Yellow a€ (1.07-1.15)—lower ventilation intensity; conditions are comfortable for
pedestrians at moderate wind velocities, less so at strong winds;

*  Green a€ (0.83-1)—good ventilation regardless of wind velocity;

*  Blue a€ (0.71-0.77)—limited ventilation; good conditions only at strong winds;

*  Navy blue a € (0.66-0.00)—poor ventilation.

3.2. Research Methodology

Each building development model was tested using both techniques for parallel, per-
pendicular, and oblique (at 45° angle) wind directions. All three tested variants of building
developments were almost symmetrical. It could, thus, be assumed that the results for
winds of the same courses but opposite directions would be analogous. Altogether, nine
tests were performed using both techniques, and the results were compared.

In the first stage of the research, the characteristics of wind conditions were defined
for each type of the examined building development, taking into account the three
adopted wind directions. The results were then compared, to analyze the advantages and
disadvantages each type of wind caused. Furthermore, an attempt was made to assess
which types of developments are the most and the least advantageous in this respect.
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4. Results
4.1. Sectional Developments

Based on the results of the oil visualization and erosion study (Figure 7), it can be
observed that for all wind directions, wind conditions vary in different areas due to the
large numbers of individual buildings. For the perpendicular wind direction, distinct
horseshoe vortices are observable (a detailed description of such a wind structure can be
found in [1] on the windward side of buildings set perpendicularly to the wind; recircu-
lation zones are visible on the leeward side of building developments. Moreover, zones of
limited air exchange (marked in navy blue in the erosion study) can be detected.

In the case of paralleled wind direction, the main airflow follows in a wide, open
avenue between the OW1-OW3 and OW2-OW4 building lines. More closely enclosed by
the adjacent building development layout, the spaces above and below this avenue tend
to be less ventilated. In the corners on the windward side (mainly at the corners of O1 and
OWI1 buildings), not too extensive areas with accelerated airflow (orange and red for ero-
sion study) are observed.

In the case of the oblique wind direction, the air exchange tends to be more intense
than for other directions. Areas of restricted airflow are slight and occur only on the lee-
ward side of elongated buildings (e.g.,, OW2, OW3, OW4 buildings). Beyond building
edges, numerous air recirculation zones are visible. Areas of an increased amplification
coefficient, i.e., with potentially more intense air exchange, can be observed around the
OW1, OW3, 02, and O5 buildings.
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Figure 7. A comparison of research results made with the application of erosion technique (on the left) and oil visualization
technique (on the right) for sectional developments: perpendicular, paralleled, and oblique wind direction; a study by the

authors.

4.2. Linear Development

Based on the results of the oil visualization and the erosion study (Figure 8), it can be
noted that for the perpendicular wind direction, the flow is divided into three parallel
courses along two narrow by-streets (between the layouts of the O1, O2, and LW1 build-
ings, as well as the O5, 06, and LW2 buildings), and along the avenue running between
the elongated buildings (LW1 and LW2). The main avenue is enclosed by the surrounding
building development; thus, the airflow in its area becomes inhibited. In the upper part of
the avenue, a stagnation zone may be observed. Characteristic corner streams and small
rotating vortices appear at the corners of the buildings. Zones of noticeably accelerated
airflow can be observed on the windward sides of the gable walls of elongated buildings
(orange and red in the erosion study).

In the case of the paralleled wind direction, a significant part of the space is quite
well ventilated (the green color, which indicates the conditions most comfortable for pe-
destrians, predominates in the erosion study). The areas of inhibited airflow are not ex-
tensive and are located on the leeward side of the LW1 and LW2 buildings. Zones of po-
tentially least comfortable airflow for pedestrians, i.e., those marked with the highest am-
plification coefficient value, occur only at the corners of these buildings on their windward
side.

In the case of the oblique wind direction, the situation proves slightly more diverse.
In this case, two opposing configurations were tested using the oil visualization and sand
erosion methods (see arrows in Figure 6). The obtained results are analogous—on the
windward side, near the gable walls of elongated buildings (LW1 and LW2), small zones
of accelerated airflow are formed. Concurrently, airflow in the main wide avenue becomes
slightly inhibited.



Sustainability 2021, 13, 13612 11 of 17

ORI O
WO WI=OO

LT T TR el i

WN=O
DOV 2

Figure 8. A comparison of research results made with the application of erosion technique (on the left) and oil visualization

technique (on the right) for linear developments: perpendicular, paralleled, and oblique wind direction; a study by the
authors.

4.3. Quarter Development

Based on the results obtained from the oil visualization and erosion studies (Figure
9), very weak air movement can be observed for the perpendicular wind direction within
the inner courtyard. This situation is caused by the deflection of wind from the windward
wall of the building (PW3). The ventilation of the courtyard space fails to function in this
case. An air stagnation zone covers almost the entire courtyard area. Gateways in the side
wings of the main building (PW1 and PW2) manage only slightly to intensify the airflow.
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Minor stagnation zones became visible also on the leeward side of the remaining build-
ings.

Minor zones of intensified airflow are present at the windward corners of the build-
ings that surround the main building. Generally speaking, the space in the vicinity of the
studied building is characterized by a reduced airflow amplification coefficient and, thus,
with a lower level of ventilation.

For paralleled wind direction, a large stagnation zone becomes noticeable in the
courtyard of the main building, although streams of air that flow in through the gateways
of the courtyard can be seen. Clear stagnation zones can be observed on the leeward side
of the main building and several surrounding buildings (O3, O4, O5, O6). The highest
flow velocity zones appear in the corners of the windward edges of the O1 and O2 build-
ings and at the windward walls of the main building, as well as in the spaces between the
buildings mentioned.

For oblique wind direction, the stagnation zone forms in the corner of the courtyard
and on the leeward side of the main building, also from its corner. In this case, two op-
posing configurations were tested with the oil visualization and sand erosion methods
(see arrows in Figure 7). In both cases, the results were analogous and comparable. The
courtyard area can be assessed as poorly ventilated. The space surrounding the main
building is efficiently ventilated (few air acceleration zones visible at the corners of several
buildings), except for the aforementioned restricted airflow zone from the leeward side of
the building.
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Figure 9. A comparison of research results made with soil erosion technique (on the left) and oil visualization technique
(on the right) for quarter building developments: perpendicular, paralleled, and oblique wind direction; a study by the

authors.

4.4. Comparison of the Results for All Types of Development

Studies conducted using the oil visualization and sand erosion methods for all three
types of building developments were compared. In the case of all layouts, areas with an
increased amplification coefficient (a > 1.25) are present. These zones appear mainly at
building corners. However, the areas where this risk occurs are scarce and appear mostly
for one of the investigated wind directions. It also seems that such areas can be minimized
with a slight geometrical modification of buildings (e.g., by slightly shortening the build-
ing layout or by correcting the shape of building corners).

Moreover, air stagnation zones (a€ (0.6-0.00)) appear in all types of layouts tested.
In some cases, these zones are extensive. This limits air exchange and, consequently, over-
heats the space during the summer, hinders natural ventilation that buildings receive, and
results in air pollution and unpleasant odor retention.

Based on analyses of all building development types, the linear building develop-
ment seems the most favorable in terms of wind conditions observable in the pedestrian
zone. The airflow detected during the experiments was least restricted in this type of
building development. Moreover, air stagnation zones and accelerated wind zones were
relatively small here for all the tested wind directions.

However, the comparison between the linear and the quarter building developments
in terms of wind conditions at the pedestrian level is inconclusive. When analyzing section
building development, it may be observed that the space between buildings is better ven-
tilated. However, due to many corners and narrow openings between buildings, numer-
ous local air swirls and instances of air movement acceleration appear. The aerodynamic
layout is somewhat varied in a relatively small area, which can prove uncomfortable for
pedestrians and residents of buildings.

Quarter building development seems less exposed to such diversification; however,
in this case, research yields the most extensive air stagnation zones. The inner courtyard
is relatively large, as the proportion of its width to the height of the building development
(W/H ratio) equals 4.89. Despite this feature, as shown by the research presented above,
the courtyard is still poorly ventilated for all the wind directions considered. The problem
becomes particularly intensified in the case of the vertical wind direction, i.e., when the
wind exerts an impact on the building, on the side with no gates, which tends to be more
enclosed by the surrounding building development.



Sustainability 2021, 13, 13612

14 of 17

5. Discussion

The presented results do not fully reflect transient wind flow and ventilation. The
result rather refers to the wind blowing at a constant speed from a given direction. The
picture obtained in the study is incomplete, compared with actual wind conditions. To
fully assess wind comfort, it would be necessary to accurately determine the location of a
given fragment of building development within the city tissue and perform measure-
ments using pressure sensors for more wind directions. However, as mentioned in the
introduction, the presented research is not aimed at a quantitative but rather at a qualita-
tive analysis to recognize the nature of phenomena in simple architectural systems. The
obtained results are sufficient in this respect.

The method presented here is relevant concerning model situations, the analysis of
which provides general knowledge and develops an intuitive understanding of wind phe-
nomena. This issue is of high importance to architects and urban planners. The method is
also helpful as a support in the design process. It can be applied to evaluate selected situ-
ations at an early urban design stage when basic decisions are made to select the most
appropriate type of development. Thus, despite the reservations concerning results' accu-
racy, especially the quantitative aspect thereof, the method used in the study can be con-
sidered sufficient for the research purposes indicated in the introduction. Later, its effec-
tiveness (e.g., quality of results, time consumption, costs) should be compared with CFD
techniques [10]. The study could perhaps serve as an initial design support stage and sim-
ultaneously optimize digital model parameters and verify the CFD research results in fur-
ther stages.

6. Conclusions

The research presented in the above sections made it possible to recognize and com-
pare airflow around buildings for three types of housing developments (sectional, linear,
and quarter) for a high degree of land use efficiency. The research was conducted based
on theoretical models. However, it seems that by considering a variety of aspects regard-
ing architectural design and numerous urban planning issues, these models manage to
reliably depict the spatial conditions for these three types of building developments. It
cannot be assumed that the same phenomena will occur around actual buildings con-
structed according to the typology mentioned above, but the nature of phenomena may
be similar.

In the studied models, the problem of limited ventilation possibilities is more com-
plex than the issue associated with wind acceleration to speeds uncomfortable for pedes-
trians. Similar conclusions can be found in studies on downtown building development
[39] with a much denser development density and more complex geometry than the one
adopted in the study above. Regarding the urban climate quality, it is significant to con-
firm the conclusion for much simpler models than those adopted above, characterizing
housing estates across large urbanized areas.

The studies failed to provide the data required for a detailed comparative assess-
ment. It was shown that in the case of linear building development, the most favorable
wind conditions at the pedestrian level occur. In most parts of the area surrounding the
buildings, favorable conditions for both ventilation and providing pedestrian comfort are
observable. Sectional and quarter developments prove less advantageous, each so for a
different reason, as described above. From the point of view of city climate issues, it seems
that special attention should be paid to shaping quarter building developments, as such
layout tends to be most exposed to the air stagnation phenomenon. Although open to-
ward the sky, the courtyard space is surrounded by buildings on all its sides. Studies that
address insufficient ventilation in the case of this type of building development can be
found in [40]. The research presented above confirms that the problem arises for a simpli-
fied urban geometry and the investigated wind directions. This type of building develop-
ment prevails in the case of newly designed multi-family residential buildings (e.g., this



Sustainability 2021, 13, 13612 15 of 17

fact may be observed in large Polish cities). If quarter building developments are appro-
priately designed, the most efficient land use would be achieved, given the restrictions on
building height. Research has shown that in the case of quarter building developments,
the location of the gateways (or other "openings" of internal courtyards) concerning the
surrounding buildings is of great importance to the airflow. Therefore, optimizing airflow
in the surroundings of quarter building developments should constitute an essential cri-
terion in design.

The research conducted in this paper also induces a more general reflection on urban
planning methods. The studied building development models are correct regarding the
regulations in force in Poland and other informal design principles that result from prac-
tical conditions. Despite this fact, the weakness of one type of building development (it
seems that the one most widespread currently in Poland) was demonstrated in the scope
of ventilation of urban spaces. This fact means that the problem is not well recognized yet
and is associated with urban planning practice, which justifies further research in this
field. From this point of view, more extensive research should be conducted to establish
the interdependencies between the possibility of proper city ventilation and various urban
indicators that regulate building shapes, as in [21,39]. This would allow for the develop-
ment of new indicators to be introduced into design practice, as stated in [7].
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