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Abstract: The close proximity of different buildings heights can cause disturbances in the working 

of the smoke and ventilation ducts of lower buildings, threatening the health and even the lives of 

residents. To define the influence of high-rise building on the work of the ducts of the neighbouring 

double-storied building, experimental investigations in the wind tunnel were conducted. On this 

basis, empirical equations and graphs were developed leading to determining the aerodynamic 

coefficients considering different wind directions and the height of ducts. The direction of the wind 

reveals a greater influence than the height of the ducts. Properly using deflectors or increasing the 

height of the duct ensures maintaining static rarefaction in the area of smoke and ventilation ducts. 

The creation of rarefaction ensures the reliability of the natural ventilation system and the safety of 

the health of residents. 

Keywords: natural ventilation; wind tunnel; air pressure; aerodynamic coefficients 

 

1. Introduction 

The proper microclimate [1–5] in the room is provided by heating and natural or mechanical 

ventilation systems [6–8] with compliance with energy savings requirements [9–12]. The base element 

in the natural ventilation system is usually a duct in the premises, which is led above the roof of the 

building. Air exchange occurs due to the movement of air caused by the difference in temperature 

inside and outside the building, and in a ventilation duct in a pressure (draft) increases in proportion 

to the height of the it. When the ventilation duct creates a draft, it causes the air pressure in the room 

to decrease, which is known as rarefaction. The decrease in air pressure causes air to flow from areas 

of higher pressure to areas of lower pressure, circulating fresh air throughout the room. If the room 

has suitable openings for the flow of outside air, then with a sufficient temperature difference 

between the inside and outside air, the necessary air exchange is achieved [13]. Under conditions of 

the same internal and external air temperature and in the absence of wind, air movement in the 

ventilation duct is impossible. This phenomenon is observed in summer. In addition, in the case of 

the higher value of the external air temperature in comparison to internal air temperature, a change 

in the direction of air movement in the duct appears, i.e., to the phenomenon of "a back draft". The 

consequence of this is the inability of ventilation to perform its function, affecting the air quality in 

the room, and causing pollutants (such as cigarette smoke, paint fumes, etc.) to be removed more 

slowly from the room, leading to higher concentrations of these substances in the air and a threat to 

the health and sometimes the life of the residents. The problem is solved by opening windows [14]. 

In winter, the difference in pressure between indoor and outdoor air is important. The pressure 

of the outside air is determined by static and, most of all, dynamic pressure. It depends on the wind 
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speed at a certain point in space, the direction of the wind, and the presence of vortices on the 

windward and leeward facades of the building. 

To increase the efficiency of natural ventilation nozzles (deflectors) at the top of the duct are 

installed increasing under pressure, however, in the absence of wind, they are the additional 

aerodynamic resistance. The effectiveness of these nozzles is different and depends on the speed and 

direction of the wind [15,16]. 

An additional problem with the efficiency of natural ventilation is the result of ignoring the 

required distances between newly built buildings, especially with different heights [17]. When low-

rise residential blocks are constructed in close proximity to high-rise buildings (or conversely), the 

proper distances are not always ensured [18–20]. This fact leads to the work deterioration of the 

smoke and ventilation ducts of low-rise buildings. This should be avoided, as it also negatively affects 

the health residents. 

This research topic is closely related to urban planning, as it examines the aerodynamics of wind 

flow around buildings and the impact of high-rise buildings on low-rise buildings located next to 

each other in residential neighborhoods. This issue is relevant both at the stage of reconstruction of 

existing buildings and at the stage of designing new ones. 

The purpose of the work is to identify the aerodynamic influence of the 9-storied building with 

close location on the operation of the smoke and ventilation ducts of a double-storied residential 

building. Aerodynamic coefficients under different wind directions of low-rise building are 

determined, as well as analytical and graphic dependencies are established. 

2. Materials and Methods 

2.1. Theoretical background 

The wind, flowing around the building, creates positive and negative pressures on its surface 

[21–23]. Disturbances introduced into the flow (distortion of the flow lines around the building) cover 

a relatively small area [24,25]. Outside this area, the streamlines remain the same as if there were no 

building in the flow. At a distance of approximately 5 to 8 heights of the building from the windward 

side, the surface layers of air slow down, part of the kinetic energy of the wind flow turns into 

potential energy, as a result of which the static pressure pst in front of the building increases. The static 

pressure reaches its maximum value on the surface of the windward facade. The incoming air flow 

forms a vortex zone in front of the building, the shape of which seems to complement the shape of 

the building to a conveniently streamlined one, thereby reducing the energy loss of the potential 

(undisturbed) flow. The building is flown by wind from above and from the sides, so in these places 

there is some compression of the main flow and an increase in its speed compared to the speed of the 

undisturbed flow. For this reason, the air on the leeward facade of the building is constantly ejected 

by the main flow, and the pressure on the leeward facade is constantly reduced. Replenishment of 

the ejected air takes place due to the surface layers, which are inhibited, can change direction, carry 

out a vortex movement and flow from the area of increased pressure to the under-pressure zone. On 

the windward side there is a stagnation zone (aerodynamic wake zone) [26]. The length of this zone 

is taken from the condition that the speed of the flow in it is at least 95% of the speed of the 

undisturbed flow at the same height from the surface of the earth. In the inner region of the 

aerodynamic wake, there is a circulation zone (aerodynamic shadow zone), within which reverse air 

flows are observed. For a free-standing building, the length of this zone is approximately 7 building 

heights. The length of the zone of aerodynamic footprint, aerodynamic shadow depends on the ratio 

of height and width of the building, its geometric shape, the distance between neighboring buildings 

and their height (number of floors), as well as the direction of the wind. A building is considered 

narrow if its width is less than 2.5 of the height, and with larger width values, the building is 

considered wide. The first zone of the aerodynamic shadow is formed on the roof of the building, 

which occurs due to the separation of the flow from the sharp edge of the building and ends within 

the roof. When the flow separates from the trailing edge, a second zone of the aerodynamic shadow 

is formed. Both zones are included in the aerodynamic wake zone. 
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Usually, the basis for solving the problem is mathematical models [27–29], however, to 

investigate the distribution of wind pressures on the building’s surfaces the most expedient to solve 

experimentally [30–32] by blowing models buildings in a wind tunnel [33]. Conducting experiments 

and processing research results is based on the theory of similarity and its special section - modeling 

theory. 

Generally, it is known from hydrodynamics that the process of flow around a body by a fluid 

flow under isothermal conditions (wind flow around a building) depends only on the Re criterion 

[34–36]. However, the building’s sharp edges, causing flow separation, are essential and the property 

of self-similarity of the wind flow around the building in the region of the developed turbulent 

regime is used.  

Due to the self-similarity of the phenomenon of the wind flow around the building, the 

distribution of wind overpressures does not depend on the wind speed and can be presented in the 

form of dimensionless constants for a given geometric shape of the corresponding pressure 

coefficients.  

The pressure coefficient, called the aerodynamic coefficient, is the ratio of static pressure to 

dynamic one and is determined from the equation: 𝑘 = ଶ௣஡௩మ,          (1) 

where р – static pressure at the i-th point of measurement; ρ – air density (kg/m3); v – air velocity 

(m/s). 

Hence the physical meaning of the aerodynamic coefficient - its value indicates what proportion 

of the specific kinetic energy of the air flow approaching the building is transformed into potential, 

that is, into excess static pressure. 

The Bernoulli equation for two sections, one of which is in the undisturbed flow and the other 

is on the surface of the building is expressed as follows: 𝑝଴ + ஡௩బమଶ = 𝑝 + ஡௩మଶ  ,         (2) 

where p0, v0, p, v – pressures and velocities in the undisturbed air flow and on the surface of the 

building, respectively. 

After mathematical transformations the above formula the equations are obtained: 𝑝 − 𝑝଴ = ஡௩బమଶ − ஡௩మଶ ,         (3) 𝑝 − 𝑝଴ = ஡௩బమଶ ቀ1 − ௩మ௩బమቁ,        (4) 

and the aerodynamic coefficient k is determined by the equation: 𝑘௜ = ቀ1 − ௩మ௩బమቁ,         (5) 

Thus, the value and sign of the aerodynamic coefficient are determined by the ratio of air 

velocities in the undisturbed flow and near the surface of the structure. If v0 ˃ v, (windward facade), 

then ki ˃ 0, that is, the excess static pressure is positive. When v0 ˂ v, (windward facade) ki ˂ 0 and 

rarefaction is observed in this location. 

2.2. Aerodynamic investigations of the building models 

The object of the study was a model of a residential area displayed in Figure 1. The smoke and 

ventilation ducts of a low-rise buildings were modeled by sections of cylindrical tubes of the 

appropriate diameter and length. 

To investigate the different influence of the angle of wind inflow and the height of the duct on 

the aerodynamic coefficients, experimental aerodynamic research was carried out in the two-circuit 

aerodynamic tunnel (Figure 2) with the size of the opened working section d × D = 1.0 m × 1.2 m.  
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Figure 1. Scheme of the model: No 1 – 9-storied building; No 2, No 3 and No 4 – double-storied 

residential buildings; α – the angle of the air inflow (wind) direction. 

 

Figure 2. Working part of a wind tunnel. 

Circulation currents and stagnant zones appear around the house, in which, due to the lack of 

natural ventilation, the accumulation of polluted air can occur. When determining the amount of 

natural air exchange, when choosing the location of intake and exhaust openings, for calculating the 

spread of toxic emissions into the atmosphere, as well as for calculating forces in the structural 

elements of buildings, it is necessary to know the distribution of static pressures on the surface of the 

building under the influence of wind and the patterns of air movement in the area impact of 

buildings. An approximate theoretical determination of the distribution of static pressures is possible 

only on the simplest buildings. Therefore, to determine the pressure distribution on the surface of the 

building, experimental studies are carried out in a wind tunnel (Fig.3). 

The wind tunnel has the following characteristics: 

- The working part is open type; diameter of the working part is 1 m; the length of the working 

part is 1.2 m. 
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- The wind tunnel refers to closed-type pipes with two recirculation channels. 

- The speed mode is subsonic, the maximum air flow speed is 37 m/s. 

- The drive of the wind tunnel is carried out using an axial fan equipped with a direct current 

electric motor with the possibility of smooth adjustment of the rotation freequancy; power of the 

electric motor is 31 kW. 

- The source of direct current is a Siemens firm generator. 

- The wind tunnel is equipped with a six-component mechanical weight. 

This wind tunnel provides high technological accuracy of aerodynamic measurements. The flow 

rate coefficient is achieved at the level of 0.99, which is extremely high accuracy. The pipe provides 

stable air movement at low speeds of 3.5-5.0 m/s, which is especially important when conducting 

research in the field of building aerodynamics. (A number of wind tunnels for operation in the low 

speed range is equipped with a separate drive). 

A significant advantage of this wind tunnel of this type is the small drive power (31 kW) and the 

open working part. 

The essential advantage of the open working part is that with the correct selection of the shape 

and size of the diffuser inlet, it allows to minimize the static pressure gradient along the axis of the 

wind tunnel. This is especially important when measuring the aerodynamic resistance. 

At the same time, the total correction for the blocking coefficient is much smaller than in wind 

tunnels with a closed working part. Free access to research models is also essential, it positively 

affects the quality and accuracy of measurements and simplifies the conduct of experiments. 

The shape of the nozzle is decisive for the quality of research in the wind tunnel, along with the 

nozzle compression coefficient. From this point of view, the nozzle should be as short as possible. It 

is very important that the local velocity vector at each point of the flow is parallel to the axis of the 

working part. Of the many mathematical dependences offered for the calculation of the nozzle 

geometry, today the preference is given to lemniscate, which is well suited for the calculation of an 

axisymmetric nozzle. Good results are obtained for nozzles with a length approximately equal to 1/3 

of the diameter of the inlet section. The coefficient of compression of the nozzle is defined as the ratio 

of the area at the entrance to the nozzle and at the exit from it. A high degree of compression 

contributes to the equalization of the profile of the flow velocities at the exit from the nozzle and the 

reduction of turbulence. 

All the listed advantages of the wind tunnel allow you to successfully solve the following tasks. 

1. Research of aerodynamic and dynamic characteristics of objects of civil and general industrial 

purpose. 

During the study of ground buildings and structures (television and communication towers, 

poles of power transmission lines, high-rise buildings for both residential and industrial purposes, 

bridges, overpasses, chimneys of thermal power plants and boiler houses, wind power plants) the 

following tasks are solved: 

- load on the foundation from wind action; 

- wind loads on the facades of buildings and structures; 

- detection of zones of aerodynamic instability of buildings and structures;  

- research on methods of damping vibrations of buildings and structures under wind loads. 

When investigating the effectiveness of ventilation systems at the design stage and when 

carrying out work on sealing buildings, the operation of aeration lights, ventilation shafts, deflectors, 

the interaction of the jet with the air flow running into them, the aeration of premises and industrial 

sites is studied. 

2. Determination of aerodynamic characteristics of vehicle models and their elements; 

measurement of stationary and non-stationary pressure distributions on the surface of the model.  

During the study of the aerodynamic characteristics of vehicles, the following are determined: 

aerodynamic resistance; stability and controllability at high speeds; ventilation in the vehicle cabin; 

the influence of ventilation devices (inflow and exhaust) on the thickness of the boundary layer of 

the air flow and the frontal resistance coefficient of the vehicle movement. 
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At the same time, physical studies of the models are also carried out (visualization of the 

laminar-turbulent transition and air flow around the air stream taking into account various 

conditions and factors. 

The wind tunnel allows for metrological certification of means of measuring the speed and 

direction of the air flow. 

The wind tunnel of the National University "Lviv Polytechnic" provides an opportunity to carry 

out aerodynamic research in the field of construction and architecture, mechanical engineering and 

the development of new technologies for the use of wind energy. The open working part of the pipe 

makes it possible to effectively measure and determine the aerodynamic characteristics of research 

objects using the model. It is possible to visualize the air flow with the help of smoke and the use of 

adhesive tapes on the models. In addition, small air flow velocities in the working part of the wind 

tunnel, which are in the range from 3.5 m/s to 37 m/s, allow conducting studies of the aerodynamics 

of buildings, as they are considered very important, and in certain cases are decisive for the design 

of ventilation system of the house and finding the calculated air exchange of the room. The 

aerodynamics of high-rise buildings has its own specificity, because for them the influence of external 

climatic factors and the magnitude of gradients of movement of mass and energy flows on the 

building is extreme in its significance. Research in the wind tunnel makes it possible to choose 

enclosing structures with the necessary air permeability, to evaluate the impact of the building on the 

aerodynamic regime of the adjacent territories.  

Having in its arsenal various types of devices, with the help of a wind tunnel it is possible to 

fully provide the entire range of services related to the study of aerodynamic phenomena that occur 

when flowing around buildings and structures, vehicles, as well as ventilation of certain volumes of 

premises. Currently, relevant research in the field of low-speed aerodynamics remains: 

� fundamental research of non-stationary and eddy currents of aerodynamic objects; 

� research of aerodynamic characteristics of vehicles as well as buildings and structures of various 

architectural forms in a wind tunnel; 

� mathematical modeling of the aerodynamics of ventilation of public and industrial facilities; 

� numerical solutions of boundary layer and heat and mass transfer problems; 

� modeling of environmental problems and problems of the spread of harmful substances and 

noise; 

� determining the aerodynamic characteristics of new configurations of buildings and structures, 

with an emphasis on assessing the accuracy of numerical methods; 

� establishing the limit of aeromechanical stability of modern rotors and rotor-fuselage structures 

of wind generators; 

solving problems of industrial aerodynamics. 

The investigation was carried out at Lviv Polytechnic National University in Ukraine. The 

building models is shown in Figure 3. This was the exact copy of the building with ventilation and 

smoke ducts in scale 1:150. 

 

Figure 3. Buildings models in a wind tunnel. 

Research was conducted under the following conditions, assumptions and simplifications: 

• height h of ducts in the building: 6 m, 9 m, 10 m, 11.5 m; 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 June 2023                   doi:10.20944/preprints202306.2113.v1

https://doi.org/10.20944/preprints202306.2113.v1


 7 

 

• angles α of wind directions (Fig.1): -900, - 450, 00, +450, +900; 

• the speed of the air flow: 13-20 m/s which corresponds to Re = 2-3 105 (auto-model zone). 

This article applies the methods of experiment planning and process optimization in ventilation 

technology. When planning the experiment, the following main advantages were used: 

• simultaneous change of all process-determining variables, thereby significantly reducing the 

number of necessary experiments;  

• the optimal choice of experimental conditions, the totality of which ensures obtaining a 

mathematical model with the desired statistical properties; 

• development of a clear strategy for conducting the experiment, making informed decisions at 

each successive stage, which makes it possible to formalize a significant part of the work of the 

experimenter.  

When choosing factors, it was taken into account that a factor is an independent measurable 

variable that at some point in time acquires a certain value, that is, is at a certain level (lower or upper). 

This means that the planning of a complete two-factor experiment of type 2k, which is the most 

common in scientific research, was implemented in the article. Such plans require a minimum 

number of experiments, namely: N = 2k, where N is the number of experiments, k is the number of 

factors, 2 is the number of levels. 

When choosing factors, the following requirements were met:  

1. The factor must be controllable, that is, under the control of the experimenter. 

2. The factor must satisfy the specified high accuracy of measurements, because this affects the 

final result. 

3. Factors must be unambiguous, because it is difficult to manage factors that have functions of 

other factors. 

4. Factors must be compatible and independent. 

Similarly, the relevant requirements for the optimization parameter were met: 

1. The optimization parameter must be expressed unambiguously, i.e. by a single number, and 

also correspond to unambiguity in the statistical sense (each factor corresponds to a single value of 

the optimization parameter with a certain accuracy, but the converse statement is incorrect). 

2. To successfully achieve the goal of the research, it is necessary that the optimization parameter 

really evaluates the effectiveness of the system functioning in the pre-selected content. This 

requirement is the main one that determines the correctness of the problem formulation. 

3. The next requirement is universality, or completeness. These concepts mean the ability of a 

parameter to comprehensively characterize an object. 

4. It is necessary that the optimization parameter has a physical meaning, is simple and relatively 

easy to calculate. 

When processing the results, a non-linear mathematical model (polynomial of the second 

degree) was adopted. To determine the aerodynamic coefficient k the two-factor experiment was 

planned considering angle α of air inflow (wind direction) and height h of the smoke and ventilation 

duct. The matrix of a two-factor experiment with the effect of the interaction of the determining 

factors on three levels is presented in Table 1.  

Table 1. Planning matrix of a two-factor experiment. 

No x0 x1 x2 x1* x2 k 

1 + - - + -0.46 

2 + 0 -  0 +0.07 

3 + + -  - +0.18 

4 + - 0 0 -0.49 

5 + 0 0 0 +0.11 

6 + + 0 0 +0.12 
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7 + - + - -0.62 

8 + 0 + 0 +0.18 

9 + + + + +0.01 

In the planning matrix (Table 1), x0 is a fictitious dimensionless factor that is only at the upper 

level (+) ensuring the property of symmetry [37]. Other ones x1 and x2 are dimensionless factors that 

are at the lower (-) and upper (+) levels, because this is planning of a full factorial experiment of 2k 

type [37]. It should be noted that the experiment planning matrix (Table 1) satisfies the following 

properties:  

1. The property of symmetry with respect to the center of the experiment, that is, the algebraic 

sum of the elements of the column vector of each factor is zero. 

2. The property of normalization, that is, the sum of the squares of the elements of each column 

is equal to the number of experiments. 

3. The orthogonality property of the planning matrix, i.e. the sum of the term-wise products of 

any two vectors is zero. 

4. The property of rotatability, that is, the points in the planning matrix are selected so that the 

accuracy of predicting the values of the optimization parameter is the same at the same distances 

from the center of the experiment and does not depend on the search direction. 

3.Results 

The results of the experimental studies on aerodynamic coefficients were developed as graphs. 

In Figure 4 it is shown the field of aerodynamic coefficients in the cross-section I-I (Figure 1) of the 

windward area of the high-rise building No 1 at the angle of the air inflow α = 00. A vortex formation 

above house No 3 is visible, which contributes to the correct operation of smoke and ventilation ducts. 

Studies of the leeward area of the building carried out in the same cross-section I-I showed that steady 

rarefaction of approximately the same magnitude takes place. 

 

Figure 4. The field of aerodynamic coefficients in the section I-I at α = 00 
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The aerodynamic coefficients in dependence on the wind direction (angle α) and the height h of 

the smoke and ventilation ducts for double-storied building are displayed in Figure 5. Graphs have 

been approximated by dependence: 𝑘 = ሺ−0.076 + 0.021hሻ + 0.0035α + ሺ6h − 17ሻ10ି଺αଶ    (6) 

Analysis of the data in Figure 5 shows that at α = 00 for all heights of ducts building have a 

positive aerodynamic coefficient. In this context, it is necessary to increase the height of the duct, to 

build them up. At the angle of air α = +450 all ducts are also in the high pressure zone. To ensure 

rarefaction in the ducts deflectors were modeled, however this solution did not provide the expected 

effect. Therefore, there was a need to increase the height of the ducts to ensure a slight rarefaction in 

them. This value should be determined individually for each duct by iterations.  

In the next step the regression equation to calculate the aerodynamic coefficients was obtained 

as follows: 𝑘 = −0.265 + 0.318 ∙ 𝑥ଵ − 0.083 ∙ 𝑥ଶ − 0.0025 ∙ 𝑥ଵଶ     (7) 

The regression analysis proved that the coefficient, which equals -0.0025 can be neglected, that 

is, the effect of the interaction of factors (wind direction and ducts height) is not observed, so the 

equation of regression is as follows: 𝑘 = −0.265 + 0.318 ∙ 𝑥ଵ − 0.083 ∙ 𝑥ଶ.      (8) 

An increase of the angle α (wind direction) results in an increase of the aerodynamic coefficient, 

and an increase of the height of the ventilation and smoke ducts – to its decrease. Whereby, the 

direction of the wind, reveals a greater influence than the height of the ducts. 

 

Figure 5. Dependence of aerodynamic coefficients on wind direction (angle α) and height h of smoke 

and ventilation ducts for double-storied building. 

4. Conclusions 

The discussed issue shows the problem of proper design of small areas with buildings of 

different stories. To ensure citizen safety and correct work of ventilation and smoke ducts preliminary 

aerodynamic studies are necessary. Graphs and empirical equations for the determination of 

aerodynamic coefficients of buildings depending on the angle of air inflow and duct height have been 

received. The results were testified experimentally.  

The maximum value of the aerodynamic coefficients for building is observed at the angle of air 

α = +450. It means that all ducts are in the high-pressure zone and the improvement of pressure 

conditions is necessary. The use of deflectors on duct gives no result, that to provide rarefaction the 

height of the duct must be increased. 
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Zones with optimal placement of the exhaust ventilation and the smoke ducts have been 

determined. 
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