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Abstract

Air pollution, both gaseous and in the form of dust, is a problem that affects numerous densely built-up areas of modern
cities. Based on this assumption, the authors of the following paper have examined an exemplary part of urban space with
various building developments located in Warsaw downtown. Both experimental and numerical studies were conducted for
the two prevailing wind directions observed in this area, that is the west wind and the south-west wind.

Experimental research was conducted with the application of two known laboratory techniques, i.e., the oil visualization
method and the sand erosion technique. The studies were conducted in an open-circuit wind tunnel. Commercial ANSYS
Fluent program was used for numerical simulations. The k-¢ realizable turbulence model, often applied for this type of ta-
sks, was used in the calculations. As a result, distributions of the velocity amplification coefficient were obtained in the area
under consideration, as well as images that present the averaged airflow direction. On basis thereof, potential zones where
contamination accumulation may occur were determined.

The impact that introduction of a hypothetical high-rise building into the area would exert on wind conditions in its vicinity
was also tested. High-rise buildings tend to intensify airflow in their immediate vicinity. Thus, they can improve ventilation
conditions of nearby streets. However, in this particular case, the research prompted the conclusion that the proposed
building causes turbulence and increased velocity gradients in the majority of elevation planes. On the other hand, in the
ground-level zone, the building blocks rather than intensifies the airflow.

Keywords: smog; air pollution; aerodynamic; wind tunnel

INTRODUCTION

In the context of city shaping, one of the impor-
tant issues refers to the possibility of natural ventila-
tion by means of ventilation corridors and by design of
housing estates in such a way as to ensure that areas
are ventilated by airflow. Unfortunately, the construc-
tion of ventilation corridors is subject to the pressure
of financial capital. Therefore, housing estates are usu-
ally designed so as to maximize the use of the area
available for development. The problem of smog and

the accumulation of pollution arises in densely built-up
city downtowns, districts adjacent to them, as well as
in towns that adjoin cities. Currently, more and more
frequent measures are being introduced in Poland in
order to reduce the scale of air pollution, especially in
large urban agglomerations.

The topic has also become a point to be consid-
ered by scientists. Monika Fronczak of the Cracow Uni-
versity of Technology (M. Fronczak 2018) has presented
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an extensive list of urban solutions. The analysis of the
tools for city technological development proved tech-
nology to be an indicator of the city quality (C.E. Bor-
rego et al. 2006). Jan Kicinski of the Institute of Fluid-
Flow Machinery, the Polish Academy of Sciences, has
developed 4 stages of implementing modern technolo-
gies in the municipal-housing development sector with
which to reduce the emission of pollutants (J. Kicinski
2018). A comprehensive study on health consequenc-
es is presented books and articles (H. Mazurek and
A. Badyda, 2018), (J. Schwartz, F. Laden and A. Zano-
betti, 2002), (P. Dabrowiecki et al., 2021)]. Professor
Andrzej Flaga of the Cracow University of Technology,
together with his team, is working on an experimental
city ventilating method with the use of ventilation towers
and chimneys (F. kukasz et al., 2019). Moreover, futuris-
tic visions may be found which, at present, are unlikely
in realistic terms. These assume the use of pollutant-
absorbing plants to cover entire facades of buildings
(M. Khaled and K. Dewidar 2010). The location of a tall
building has also been shown to affect the dispersion
of pollutants in its vicinity (E. Aristodemou et al. 2020).

Air pollution is a complex issue. It depends on
many factors, such as the source and geographic loca-
tion. A less frequently considered but equally important
feature consists in the aerodynamic factor, which may
affect the concentration of pollutants depending on the
shape of the building development.

Smog currently poses a large threat and is dif-
ficult to remove. The situation seems to be getting
worse by the year. In order to tackle this problem, it is
necessary to coordinate action in several fields simul-
taneously (E. Stanaszek-Tomal 2021). It is not enough
to simply ventilate the city. Likewise, it is impossible to
have most of the old-type heating burners replaced in
single-family housing within a few years. Nor can the
society (often poor (A. Michalak 2020)) be controlled
on the use of ecological heating sources only. It is nec-
essary to educate the society, introduce appropriate
provisions of law that will hinder bad practices and fa-
cilitate good ones.

Architecture may provide great help in this as-
pect, because ultimately most of the pro-ecological
activities are related to this discipline. It is also worth
mentioning that architecture may be used as a huge
propaganda tool already in the process of creating the
design. Visualizations used by architects can reach the
society easily, as recipients prefer information present-
ed in visual form. The implemented project, in turn, pro-
vides the final evidence of the seriousness of the prob-
lem and serves as proof of the legitimacy of the actions
taken. If buildings are shaped with ecology in mind,
education of the society will progress much faster.

Unfortunately, the phenomenon of air pollution in
cities has not been thoroughly investigated. In Poland,
large gaps in the location of measuring stations may
be observed, which results in large information gaps.
There are about 260 stations (P. Kleczkowski 2019),
only 8 of which are placed in the city of Warsaw: 4 of
them are automatic, 3 automatic-manual and 1 is man-
ual only (Generalna Inspekcja Ochrony Srodowiska,
no date). Pollution measurements give an opportunity
to examine the degree of pollution, but only so at the
measurement station itself. Such stations, however, are
installed near the ground floor. Both, the composition
and intensity of air pollutants changes with height and
vicinity of the test site. The result will, thus, be different
at the height of the 10th floor, at the level of the ground
floor, and different, still, in the buildings dispersed in
suburban areas. The air condition is influenced by many
factors, including the type and severity of aerodynamic
phenomena. For a more accurate prediction of air pol-
lution, it is necessary to study aerodynamic phenom-
ena in the context of building developments. It is also
indispensable to measure such phenomena with the
use of a more densely located grid of measuring sta-
tions located at different heights. This implies the need
to create a pollution map in 4D. The map would be
developed over time (T. Villa et al. 2016), and would ac-
count for variables such as, for example, aesrodynamic
phenomena depending on the wind direction. It is im-
possible to create such a map solely on the basis of
stationary pollution measurement stations, even if the
quantity of such stations increased.

Drones are devices that can be used to mea-
sure pollution (S. Szymocha and J. Osuchowski 2019),
(©., no date), (S. Duangsuwan and P. Jamjareekulgarn
2020), (T. Landolsi et al., 2019). Such measurements
are already taken with the use of small and light aircraft
(C.E. Corrigan et al. 2008). Components such as smog
sensors, chemical and radiological sensors can be at-
tached to such a device. With the use of drones, the
level of dust and gases can be monitored, weather data
can be collected or high-voltage electricity lines may be
diagnosed (S. Szymocha and J. Osuchowski 2019).

In the context of the issues raised in the present
paper regarding the deposition of pollutants in the city
area, it seems important to identify potential air stag-
nation zones that favor the accumulation of dust and
gases.

Following the above premises, the authors exa-
mined an exemplary area of urban building develop-
ment. The building is located in the center of Warsaw
and is intersected with one of the city’s busiest commu-
nication routes. The research was aimed at determin-
ing the potential zones of pollution accumulation in the
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dense building development of the city (marked with
a red circle in Figure 1). The selection of such zones
seems advisable, because in the least ventilated places
it would be possible to take most accurate measure-
ments under real conditions.

Moreover, it was intended at investigating the im-
pact of introducing a high-rise building (196 m in height,
highlighted in blue on the map below) on the ventilation
conditions located in its vicinity (T. Stathopoulos 2009),
(T. Stathopoulos 2011), (Q. Xia et al. 2013). A high-rise
building tends to intensify the airflow. It can, therefore,
improve the ventilation conditions in its immediate vi-
cinity. However, in the winds of higher velocities it can
be a source of discomfort to pedestrians.

2. MATERIALS AND METHODS

2.1. Urban-planning analysis

The surroundings of the studied area are not ful-
ly developed under Miejscowy Plan Zagospodarowania
Przestrzennego (MPZP). The only valid MPZP Plan No.
XCIV / 2749/2010 of November 9, 2010 (Rada Miasta
Stotecznego Warszawy, 2010), concerns the immedi-
ate surroundings of the Palace of Culture and Science.
The Plan allows for the construction of buildings within
the range of 24-26m in height, with the possibility of de-
signing a high-rise building development part within the
range of 233-245m. The immediate surroundings of the
Ztota 44 building, around which the present research
is centered, is not covered by the Local Development
Plan (MPZP). Changes to this space are difficult to pre-
dict, as building permits may currently be issued on the
basis of the Decyzja o warunkach zabudowy [Decision
on Development Conditions], the content of which de-
pends on the civil servants who issue the document.
For the purposes of the present publication, it can
be assumed that the area will not undergo significant
changes over the next 5-10 years.

Fig. 1. Study area including the proposed building - the radius of
the circle equals 300m (author’s own study)

The area under study covers about 43 ha. It is
intersected by a grid of streets oriented south-west-
north-east (Aleje Jerozolimskie, Ztota Street, Sienna
Street, Sliska Street, Pariska Street, Swietokrzyska
Street) and north-west-south-east (Aleja Jana Pawtfa
I, Emilii Plater Street). The present research analyzes
were confined to the street quarter marked by the fol-
lowing streets: Emilii Plater, Aleje Jerozolimskie, Aleje
Jana Pawta Il and Swietokrzyska. Architectural forms
that occur in this area vary (Fig.1). These include
densely developed tenement houses, high-rise build-
ings and more extensive volumes, such as the Ztote
Tarasy Shopping Center (ZT) and the Palace of Culture
and Science. The heights of buildings and the widths
of individual street canyons are shown in Fig. 2. Due

a Fig. 2. Analysis of the height of buildings (a) and the width of b
street canyons (b) in the studied area (author’s own materials)
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to the lack of access to accurate data on buildings,
they were determined by means of comparison to the
heights reached by the authors during an on-site visit
and by analyzing 3D models in Google Earth. Accuracy
of up to 5m was assumed. The widths were measured
on the City of Warsaw website, with the use of an inter-
active map featuring the ability to measure distances.
The results were confirmed during an on-site visit.

2.2. Geometry of the tested layout

In Fig. 3, the actual set of models tested experi-
mentally together with the high-rise building marked with
the letter X in the illustration is presented. The mock-up
for the research was made in the 1: 700 scale.

The next illustration (Fig. 4) shows the full set of
models subjected to numerical analysis. This analysis
was aimed at examining the influence of the high-rise
building, marked with the letter X in Figure 3, on the
wind conditions in its immediate vicinity. Compared to
the model tested in the wind tunnel, two main differ-
ences occur in this case. Some of the obstacles, dis-
tant from the building important from the perspective of
the present paper, or located on its leeward side for the
studied wind directions, were excluded from the analy-
sis. These buildings are marked in gray in Fig. 3. The
second difference concerned the simplification of the
group of buildings, marked with a blue rectangle in Fig-
ure 3, to four cuboids, while maintaining the height of
the buildings and the spacing (understood as streets)
between them.

According to the authors, the simplifications had
little impact on the results obtained in the vicinity of

building X and significantly shortened the computation
time.

Description of the research methods applied

Research on airflows around building, which
are commonly used and described in the literature
(B. Blocken, T. Stathopoulos and J.P.A.J. van Beeck
2016), may be divided into experimental ones (con-
ducted in a wind tunnel) and numerical ones. The most
reliable results are obtained by combining both types
of research. The results of experimental research offer
a chance for a general identification of phenomena, en-
able researchers to specify problem areas and consti-
tute the basis for determining the parameters entered
into computer programs.

The experimental research was conducted in
a through wind tunnel whose cross-section equaled
1m. by 1m., with a closed measuring space of the same
dimensions. The wind structure at ground-level was
created by modeling the velocity profile and turbulence
intensity distribution according to PN-EN 1991-1-4:
2008 (N.E. En and P. Normy 2008) and the procedure
described in (M. Jedrzejewski, M. Pocwierz and K.
Zielonko-Jung 2017) the velocity profile was obtained
from the formula:

0,24

V z
7= () g
where: V19 — wind velocity at a height of 10 m.

above the ground (m/s), z — height above ground level
in m.

Such a velocity profile corresponds to the char-
acteristics of dense building development located in

Fig. 3. Model for experimental tests - high-rise building marked with the letter X (a) and a photo of the model used for experimental te-
sts (b); source: by the authors.
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Fig. 4. The full set of models subjected to numerical analysis in the 1: 700 scale; source: by the authors

large cities. The intensity of turbulence was calculated
on the basis of the formula - Iv (z) = 1/In (z/z0) (assum-
ing a unit value for z0).

In order to model the ground layer, elements to
disturb the airflow and roughness elements in the form
of spiers and blocks were installed in the tunnel. These
objects were placed at the base of the tunnel in front of
the study area with model building developments. The
results of average velocity profile measurements and
intensity of turbulence at the altitude of up to 100 m.
were quite consistent with the desired characteristics.

For the research conducted for the purposes of
the present work, the Reynolds number was approxi-
mately 3 - 10°. In actual flow, the number value is higher
by several orders. In tunnel research, it is very difficult
to obtain the actual Reynolds number. However, for
sharp-edged objects, the airflow undergoes high tur-
bulation, detachments and vortices occur. Therefore,
airflow is relatively insensitive to the Reynolds number
(P. Irwin, D. Scott, R. Denoon 2013). Airflow distortion
and the resulting changes in pressure distribution can
be treated as negligible for Reynolds numbers high-
er than 105 (D. Duthinh and E. Simiu 2011). Methods
for ground-level modeling similar to the ones used

in the quoted studies have described in (B. Blocken,
T. Stathopoulos and J.P.A.J. van Beeck 2016), (K. Gu-
mowski et al. 2015), (J. Sanz-Rodrigo, J.P.A.J. van-Be-
eck, G. Dezs6-Weidinger 2007), (S. Reiter 2010) and
elsewhere.

Two methods were used in tunnel studies, that
is oil visualization and sand erosion method (B. Block-
en, T. Stathopoulos and J.P.A.J. van Beeck 2016). Both
methods are of qualitative nature. Their purpose is to
arrive at a good understanding of airflow phenomena
that occur in a given area and to form some intuitive
assumptions concerning acceleration or deceleration
of airflow for given data on building layouts, rather than
to obtain accurate quantitative data.

A mixture of oil and titanium white is used for
oil visualization. The mixture is applied onto a plate
made of black glass to which models of buildings are
attached. During the tunnel experiment, oil is blown off
areas of high airflow velocity and accumulates in areas
where airflow is much less intense. The procedure re-
sults in an image showing the averaged direction of air-
flow, while the layouts of the oil streaks show the turbu-
lence pattern in the flow. During the experiment, photos
are taken (around 60-70 photos taken approximately

ARCHITECTURAE ET ARTIBUS - vol.13 - 3(49)/2021 5
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Table 1. List of symbols used in the study, together with their interpretation

Designation on
the oil visualiza-
tion map

Name of form

Description of flow structure

Z

Stagnation zone

\

Stagnant zone. Places where air moves very slowly
are often found in confined spaces between buil-
dings or in the footprint behind large buildings

Direction of flow

Velocity vector of moving air

dward side

Air reflected from the building on the win-

Some of the air encountering the bouncing obstacle
descends toward the ground and then changes its
direction to the opposite of the incoming stream.
This creates a horseshoe vortex

Contractual limit of reflected air

Places where reflected air meets incoming flows.
This is a conventional boundary because it is often
not clearly visible and its location can only be esti-
mated

Whirl

Indicates a recirculation zone. Whirls often form on
the leeward side of the building.

Source: prepared by the authors

every 10 seconds). The analysis of photo sequences
prompts the understanding the phenomena that occur
in airflow and interpretation thereof.

The Table 1 above presents a list of symbols
used in the description of visualization tests, together
with their interpretation.

The second experimental method used in the
described research was sand erosion method, pre-
sented in detail in (B. Blocken and J. Carmeliet 2004),
(S. Reiter 2010). It uses sand with a standardized diam-
eter and a very low humidity coefficient. The saltation
test consists of two stages. Firstly, the reference ve-
locity is determined at which the layer of applied sand
is almost completely blown off the plate. Velocity is
measured with a Prandtl tube in an undisturbed area,
at some distance from the ground. The second stage
consists in the actual measurement. In this case, build-
ing models are placed on a roughened slab, whereas
sand is evenly applied to the empty areas between the
buildings. The test is performed in a tunnel where the
velocity is gradually increased by Av to reach succes-
sive values. After each change of velocity, it is neces-

sary to wait a while for the airflow to stabilize and for
the sand to cease erosion, and then photos of the test
area can be taken.

The photos for the following velocities are pro-
cessed and superimposed over one another. As a re-
sult, a color map of the airflow velocity amplification
coefficient - ais obtained. To determine the value of the
coefficient, both reference velocity and the one that is
set at the test moment must be known.

For the tested building layout, the following
amplification factors o were obtained, which were as-
signed to separate colors (Fig. 5).

Knowing the undisturbed airflow velocity from
a given direction (e.g., from meteorological measure-
ments), it is possible to estimate the values of veloc-
ity at each point of the test area based on of the map
obtained from sand erosion study. If velocity at a given
height in the undisturbed area is v, then the velocity at
a specific point in the area at that height may be ob-
tained from the formula: w = a - v. As it can be seen,
for the obtained amplification coefficients, airflow ve-
locity in the areas marked in red reaches values above

6 ARCHITECTURAE ET ARTIBUS - vol.13 - 3(49)/2021
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a 21,72 1,58 1,34 1,20 1,10 1 0,94

0,87 0,82 0,77 0,71 0,64 0,6 <0,6

Fig. 5. Legend that explains the color scheme depending on the amplification coefficient, by the authors

5 m/s at the wind velocity value slightly above 3 m/s.
These places are well ventilated and retain low level
of susceptibility to the accumulation of contamination.
Moreover, the opposite effect of building development
on wind conditions may be observed - places where
the obtained amplification coefficient reaches values
of less than 1 are areas of a reduced airflow velocity.
Zones where the air slows down significantly (marked
in navy blue and black) present potential stagnation
zones where pollutants are likely to accumulate due to
obstructed ventilation.

The ANSYS Fluent software was used for nu-
merical simulations of the flow in the presented built-
up area. First, the geometry and computational grid
were created, in accordance with the recommenda-
tions contained in source literature (M. Jedrzejewski,
M. Pocwierz and K. Zielonko-Jung 2017), (S. Re-
iter 2008), (S. Reiter 2010), (B. Blocken et al., 2011),
(J. Franke et al. 2007), (Y. Tominaga et al. 2008).

Figure 6 presents an example of a computa-
tional domain with a grid. The domain cross-section
reflects the cross-section dimensions of the wind tun-
nel in which the material model was tested. The length
of the computational area equaled 3 m.

The grid consisted of 8 million tetrahedral ele-
ments. These were highly densified in vicinity of the
building models and near the ground surface, whereas
they gradually thinned out in each direction. The vol-
ume ratio of adjacent elements was reduced to 1.05.

In order to compare the obtained results, calcu-
lations were also conducted for a more densified com-
putational mesh that consisted of 14 million elements.
No significant differences in the obtained results were
noted.

The RANS model was used for the simulations
in Fluent, in accordance with guidelines contained
in the article (B. Blocken, T. Stathopoulos and J.P.A.
J. van Beeck 2016). The pressure-based solver type
was chosen, owing to the fact that air is considered
incompressible at low flow velocities (and it is with such
velocities that air moves in the ground zone). The SIM-
PLE algorithm was applied, based on the segregated
method. To discretize the equations of momentum, ki-
netic energy and turbulence energy dissipation, first-

Fig. 6. An example of a computation grid in a selected calcula-
tion domain with the layout geometry placed inside of it; by the
authors

order equations were used for the first several tens of
iterations, and later the second order upwind was ap-
plied. This technique is widely used and described in
source literature (J. Franke et al. 2007). Its aim is to min-
imize the time required in order to perform calculations,
while maintaining the precision thereof. The k-¢ realiz-
able model of turbulence was adopted, which was se-
lected based on source literature (Blocken, Stathopou-
los and van Beeck 2016), (K. Gumowski et al., 2015).
Moreover, in order to calculate airflow parameters in
vicinity of obstacles, it was decided to use Standard
Wall Function. This option does not require a particu-
larly dense computational grid in the immediate vicinity
of buildings, which offers a chance for optimization in
terms of the computing power used. The velocity pro-
file was implemented into the program using a function
written in C language.

3. RESULTS

Both tunnel research and numerical simulations
were conducted for two wind directions - west and
south-west winds. (Fig. 7) The selection of directions
was made based on the analysis of the wind rose for
Warsaw(International Renewable Energy Agency, no
date) and the average distribution of airflow velocity for
Warsaw at a height of 10 m. The analysis shows that
winds from the above-mentioned directions dominate
in area under consideration.

ARCHITECTURAE ET ARTIBUS - vol.13 - 3(49)/2021 7
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Table 2. Table of wind directions and velocity in Warsaw

Wind velocity, Wind direction
m/s

N NE E SE S SW w NW
Average velocity 4,0 3,7 4,0 3,4 2,8 3,4 4,6 4.4
max velocity 15 13 13 13 13 15 20 20

Source: International Renewable Energy Agency, no date)

Additionally, oil visualizations and sand erosion
methods were applied to research the east, north and
north-west directions.

The above table (Tab. 2) presents average and
maximum wind velocity for the city of Warsaw, estimat-
ed on the basis of frequency and probability distribu-
tion for wind velocity at a height of 10 m. for the Okecie
area.

Fig. 7. Wind rose for Warsaw and the surrounding area; source:
International Renewable Energy Agency, no date)

The values of average airflow velocity for the
west and south-west wind directions were converted
to the pedestrian level values and equal 3.02 m/s and
2.24 m/s, respectively.

The analysis of air flow in a built-up area for the
west direction

Experimental and numerical studies for the west
wind direction were conducted for two configurations
of the area under consideration. The first configuration
has no buildings, whereas for the second one, a high-
rise building is introduced (marked with X in the pre-

sented figures). Its parameters are discussed in chap-
ter two.

The results obtained during the sand erosion
study for the west direction for both building config-
urations are presented in Fig. 8a (the building is not
presented) and Fig. 9a (the building is presented). The
results obtained in the oil visualizations in Figs. 8b and
9b, respectively. Based on the analysis thereof, it can
be concluded that both in the area under consider-
ation without the X building and with the X building, the
zones were reduced wind velocities occur are located
between the buildings 20 and 19 (when viewed from
above), on the leeward side of the buildings 18 and 17,
and inside the courtyard and behind the building 16.
They can also be observed between the buildings 11
and 10 and 8 and 7, in the quarter formed by buildings
marked with numbers 1, 4 and 3, as well as on the
leeward side of the building development line marked
by the buildings 13, 5, 2, ZT (Ztote Tarasy) and PKP
(Polskie Koleje Panstwowe). As mentioned above, the
amplification coefficient for these zones amounts to
less than or equal to 0.64. Therefore, the actual aver-
age airflow velocity in the area in question is unlikely to
exceed 2m/s. Undoubtedly, zones of reduced velocity
value, but not in direct vicinity of the leeward wall of
buildings or building corners, namely where vortices
and turbulence occur, may be seen as places where
unmanned aerial vehicles can be used for air pollution
measurements.

Considering the presence and influence of
the high-rise building marked with the letter X in the
figures, it can be noticed that for the west direction,
the X building hinders the airflow between buildings ZT
and 1, which exerts a key impact on the emergence
of stagnation zones. The presence of the X building
has a positive effect on the ventilation of the stagna-
tion area behind the ZT and PKP facilities. At the same
time, however, it building hinders the airflow in the vi-
cinity of the Palace of Culture and Science, and around
the buildings 2 and 5. Ventilation of the space between
the buildings 1 and 4 is also worse when the X building
is present.

8 ARCHITECTURAE ET ARTIBUS - vol.13 - 3(49)/2021
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Direction of air inflow

(a)

Fig. 8. Sand erosion study map (a) and oil visualization (b) for the west direction without a building; prepared by the authors

(a)

Due to the simplification of the geometry in the
area under consideration, the results obtained from
numerical simulations (Fig.10) differ from the results of
experimental studies, although similarity in the general
nature of the flow is retained. A significant difference
is observed on the leeward side of the buildings des-
ignated by buildings number 2, 5 and ZT. This results

Direction of air inflow

(b)

(b)

Fig. 9. Sand erosion study map (a) and oil visualization (b) for the west direction with a building; prepared by the authors

from the fact that the existence of the Palace of Culture
and Science was not taken into account in the calcula-
tions. This is a building of significant height, thus the
airflow in its vicinity is intensified. This fact can be eas-
ily observed by comparing the amplification coefficient
maps obtained from experimental tests (Fig. 8,9) and
numerical tests (Fig. 10).

ARCHITECTURAE ET ARTIBUS - vol.13 - 3(49)/2021 9
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(a)

—

Direction of air inflow

(b)

Fig. 10. Numerical result - comparison of air velocity at the level of 2.5 mm with (a) and without the building (b); prepared by the authors

However, when analyzing the situation, espe-
cially in the rectangle located in the center of the area,
on the leeward side of the building development line
defined by the buildings 15-19, many similarities can
be noticed. Moreover, the values of the amplification
coefficient do not differ significantly from the values
obtained in experimental research. Numerical research
provide insight also into the zone between the X build-

Direction of air inflow

(b)

Fig. 11. Numerical result - comparison of air velocity at the level of 10 mm with (a) and without the building (b); prepared by the authors

ings and ZT at lower heights. Owing to the shape of
the X building, this area is completely covered in the
photos taken during sand erosion study and oil visu-
alization.

Fig. 10 illustrates the velocity values at specific
spots between buildings at a height corresponding to
the pedestrian level (2.5 mm in high in the domain in
question, which matches 1.75 m in the actual area).
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(a)

Direction of air inflow

(b)

Fig. 12. Numerical result - comparison of air velocity at the level of 100 mm with (a) and without the building (b); prepared by the au-
thors

Furthermore, numerical studies make it possible
to observe airflow in the area under consideration at al-
titudes above the pedestrian level. Exemplary maps of
the amplification coefficient distribution are presented
in Figures 11 and 12. Respectively, the maps are made
at a height of 10 mm. in the model scale, which corre-
sponds to 7 m. in an actual scale and at a height of 100
mm., with matches 70 m. in actual conditions.

In principle, no alteration to airflow was observed
at a height corresponding to 7m., as compared to the
pedestrian level (1.75m).

On both levels (namely 1.75 and 7 m.), the im-
pact exerted by the introduction of the X obstacle into
the building complex is clearly visible, which is reflected
in the ventilation of the area to the south-east of the
building marked as ZT. This phenomenon was also no-

ticed for the sand erosion and oil visualization studies.
The X building obstructs the air flow between the ZT
building and the buildings marked as 1, leading to the
reduction in airflow velocity in this area. At the same
time, between the X building and ZT building, the am-
plification coefficient increases.

At low heights (up to 10 m.), the wind conditions
in vicinity of high-rise buildings, namely the building 15
and the X building (if introduced), tend to be the least
favorable. Additionally, in the presence of X building,
the space between the ZT and the PKP buildings may
cause dangerous acceleration to airflow.

In Fig. 12 the map of the ampilification coefficient
is presented at a height of 100 mm. above the ground
in the model scale, which corresponds to the height of
70 m. in the actual scale. At this height, only buildings

Fig. 13. Comparison of the streamline at a height of 100mm in the presence of building X (a) and its absence (b); prepared by the au-
thors
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Direction of air inflow

(a) (b)

Fig. 14. Sand erosion study map (a) and oil visualization (b) for the southwestern direction without a building; prepared by the authors

Direction of air inflow

(a) (b)

Fig. 15. Sand erosion study map (a) and oil visualization (b) for the southwestern direction with a building; prepared by the authors
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marked as 15, ZT and 5, as well as the conceptional X
building are visible. It can be seen that the airflow be-
tween the buildings accelerates, while behind the build-
ings zones of reduced velocity value are observed. In
this case, the impact exerted by the introduction of X
building is noticeable.

Analysis of air flow in a built-up area for the
south-west direction

As in the case of the west wind direction, two
configurations of building development were inves-
tigated — when the X building is absent and with its
presence. The results of the sand erosion study are
presented in Fig. 14 and 15, whereas the outcomes of
the oil visualization are shown in Fig. 14 and 15.

For the south-west direction, for which average
airflow velocity at the height of the passerby for un-
disturbed flow is estimated at 2.24 m/s, in the zones
marked in navy blue the velocity decreases to a value
equal to or lower than 1.34 m/s

The largest zones of reduced velocity, both for
the variant with the X building and without it, were ob-
served behind the 18 and 17 building complexes, as
well as behind the building marked as ZT.

However, relatively few zones where the velocity
is significantly increased were noted. Such zones ap-
pear mainly at the building corners, whereas the veloc-
ity amplification barely exceed the value of 1.58. It is,
thus, estimated that for south-west winds, the average
velocity at pedestrian level should not exceed 3.5 m/s.

The introduction of the X building resulted in
a partial blockage of the aerial corridor between the
ZT and the building 1, as well as it led to stagnation
towards the east of the building 2.

Moreover, when the X building is present, the air
accelerates at its base, especially from the windward
side, where a zone reflected air in the shape of horse-
shoe vortex is created.

To summarize in brief, for the south-west direc-
tion, the X building again led to hindering the air flow
between the ZT and the building 1. This had an impact
on the emergence of stagnation zones on the wind-
ward side of the Palace of Culture and Science. It is
difficult to associate the presence of the X building with
any positive phenomena that would occur in the airflow
between the studied buildings, as compared to the
situation when this building is absent. The flow intensi-
fication took place only in the close vicinity of the wind-
ward side of the building, it failed to contribute to better
ventilation of the streets in the vicinity of the building.

The results of numerical calculations for the in-
coming air from the south-west direction are presented
in Fig. 16, 17, Fig. 18. In this case, a slowdown can be
observed within the aerial corridor delineated by build-
ings ZT and 1 in the case of introduction of the X build-

ing. With reference to the leeward side of the building
2, it can be noticed that negative impact in the form of
a stagnation zone that forms in this area is exerted by
the presence of the X building. This situation is also
very well visible in the results obtained from experimen-
tal studies, that is sand erosion and oil visualization.
As with a west wind direction, the visualization of the
airflow at 10 m. (equivalent to 7 meters in actual condi-
tions) is similar to the flow at pedestrian level.

Fig. 18 shows the distribution of the flow veloc-
ity amplification at height of 100 mm. (equivalent to 70
meters in actual conditions) around building models
with and without the conceptional X building. Again,
the introduction of the X building is strictly related to
the emergence of a zone with increased turbulence.
Moreover, the air bounced off the X building is partially
directed to the right when viewed from the windward
side and leads to the reduction in the effect of the
higher part of ZT on increasing the velocity gradient in
its wake.

Analysis of the influence of the X building on the
air flow in the built-up area for other selected wind di-
rections

This part of the chapter contains selected re-
sults of experimental studies for inflow directions that
occur less frequently in actual conditions. The figures
below show oil visualization maps for the air flowing in
from the south (Fig. 19) and sand erosion for the north-
west direction (Fig. 20).

In the case of a south wind (Fig. 19), a slight in-
fluence exerted by the X building on the flow can be
observed. This situation results from the fact that for
this direction airflow is in the wake of a large ZT object.
Therefore, less air at high velocity reaches the building,
while its trajectory could be influenced. Numerous sim-
ilarities between the two maps have been observed,
namely the main flow directions, stagnation zones and
vortex zones are largely the same.

In the case of the north-west (Fig. 20) direction
of the air inflow, it can be noticed that the X building
is located in the zone where, in the absence of the X
object, air stagnation occurs. Being a high-rise ob-
stacle, the building results in bringing some of the air-
flow downwards from the upper layers. Therefore, the
space in the immediate vicinity of buildings marked
with numbers 2 and 3 is ventilated. Moreover, in the air
corridor between the buildings 2, 5, 13 and the Palace
of Culture and Science, the airflow tends to be slightly
faster. This may be due to the introduction of the X ob-
stacle, whereby the flow increases its velocity in unbuilt
spaces. Moreover, it is worth noting the fact that when
the X obstacle is removed, a stagnation zone forms in-
stead. Contaminants that would otherwise be removed
by wind may accumulate in the zone.
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(a) / Direction of air inflow (b)

Fig. 16. Numerical result - comparison of air velocity at the level of 2,5 mm with (a) and without the building (b);
prepared by the authors

1.43
125

Kierunek naptywu powietrza

Fig. 17. Numerical result - comparison of air velocity at the level of 10 mm with (a) and without the building (b); prepared by the authors
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(a) p ;.:.5-7" " Direction of air inflow (b)

Fig. 18. Numerical result - comparison of air velocity at the level of 100 mm with (a) and without the building (b);
prepared by the authors

(a) Direction of air inflow (b)

Fig. 19. Numerical result - comparison of air velocity at the level of 100 mm with (a) and without the building (b);
prepared by the authors
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(a) Direction of air inflow (b)

Fig. 20. Sand erosion study map for the northwest direction with (a) and without (b) a building; prepared by the authors

4. DISCUSSION, SUMMARY AND CONCLUSIONS

The authors selected an urban area with a dia-
meter of 300 m located in the center of Warsaw for the
analysis. The area is characterized by dense building
development of varying heights, ranging from 15 to 187
m, with a predominance of 30-metre-tall buildings.

This area is prone to the accumulation of pollut-
ants, as the busiest communication routes in the city
run through it or in its immediate vicinity. A model of this
area was made in the scale of 1: 700, whereas tests
were conducted in an open-circuit wind tunnel whose
circular measurement space equaled 1 m. in diameter.
The analysis was also based on numerical calculations,
but due to the limited availability of computing power
and, therefore, more time-consuming nature of numeri-
cal simulations, the geometry was simplified.

Tests in the wind tunnel were conducted for sev-
eral examples of wind directions that prevail in the area
under consideration. The selection was made on the
basis of the analysis of the wind rose and the average
velocity distribution for the city of Warsaw [(Internation-
al Renewable Energy Agency, no date)].

The main objective of the study was to delineate
the least ventilated zones in the studied area, i.e., those
where the greatest probability of the highest concen-
tration of both gaseous and dust pollutants occurs. For
this purpose, methods applied while determining wind
comfort were used (S. Reiter 2010).

The analysis described in the article concerned
a specific area, whereas the methodology presented
could be applied to any urbanized area in which a large
concentration of various types of industrial plants and
energy sources, and increased car traffic can be ob-
served.

The analysis was performed with the use of
methods applied for determining wind comfort (S. Re-
iter 2010), (B. Blocken, T. Stathopoulos and J.P.A.J.
van Beeck 2016).

Indication of the weakest ventilation zones
seems advisable, as such areas could be selected
for monitoring pollution under real conditions. Cur-
rently, the use of unmanned aerial vehicles for such
monitoring can be considered (T. Landolsi et al. 2019),
(T. Villa et al. 2016). However, it should be remembered
that in densely built-up zones, where buildings of dif-
ferent heights were erected, vortex structures of large
dimensions appear in their vicinity. Moreover, highly
accelerated airflow streams in relation to the average
wind speed occur, as stems from the measurement,
i.e., meteorological records for a given area. It seems,
therefore, that to ensure greater safety of drone flight in
densely built-up areas, it would be necessary to corre-
late the existing flight safety regulations for unmanned
aerial vehicles for a given area with the results of wind
measurements.

The research conducted in the selected quar-
ter of the building development shows that the zones
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marked in dark blue and navy blue on sand erosion
maps, i.e., for which the velocity amplification coeffi-
cient is lower than 0.77, are among the least ventilated
places, thus they tend to be most susceptible to pol-
lution accumulation. When analyzing the sand erosion
maps for the west and south-west wind, it can be seen
that the largest air stagnation areas are visible on the
leeward side of the 17-18 building complex and Ga-
leria Ztote Tarasy (the building is marked as ZT on the
maps). These places where are filled with both, sub-
stantial traffic and pedestrians.

Moreover, the research considered the impact
of a high-rise building, inserted into the densely built-up
city tissue, on the air flow in the streets surrounding it.
If they emerge among building development, high-rise
buildings usually intensify the air flow and may contrib-
ute to the improvement of ventilation of the neighbor-
ing areas (T. Stathopoulos 2009), (P. Irwin, D. Scott,
R. Denoon 2013). It is noteworthy that certain amount
of air on the leeward side of such a building descends
from higher levels to the bottom of the building, which
means that the presence of a high-rise object poten-
tially brings less polluted air to the pedestrian zone (T.
Stathopoulos 2009), (Q. Xia et al. 2013).

Unfortunately, research on the impact of the pro-
posed high-rise building, hypothetically located at 44
Ztota Street, prompted the conclusion that for most of
the analyzed planes, the presence of a conceptional tall
building causes turbulence and an increase in velocity
gradients. On the other hand, in the ground-level zone,
the building blocks rather than intensifies the flow, i.e., it
fails improve or minimally improves ventilation between
buildings for certain directions of air inflow.
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