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Abstract. The work is devoted to the development of a model and the study of the characteristics of the 
process of transporting pollutants in the surface layer of the quarters of the central part of the city in 
the presence of plantings and terrain. The micro-district of the central part of the city of Kharkov is 
considered as the basis of the model. On this basis, the LAWEP approach was applied [17], which 
consists in preliminary calculation of advection for the general center model on a relatively coarse 
grid. A linear source is provided along the centerline of the streets, emitting a constant in time con-
sumption of impurities. Methodology. The motion of the air is described by the Navier-Stokes equa-
tions averaged by Reynolds. To model turbulent transport effects, the High-Reynolds two-parameter 
differential turbulence model with wall functions was used as the base one. Modeling of space canopy 
with leaves and tree branches is carried out on the basis of a porous medium model. The study was 
carried out using the authors MTFS® software package, with TVD scheme of 2/3 order of accuracy. 
The Results. Satisfactory agreement with experimental data was obtained. A thermal island phenome-
non has been detected. The influence of the structure of canyon streets on the distribution of impurities 
from vehicles is shown. 
Key words: structure of canyon streets, stands, surface layer, pollution transfer. 
 

Introduction 
Most of the literature presents examples of 

modeling the propagation of traces from point 
sources of contamination on arrays of regular 
structure [1–19], but the scattering characteris-
tics of a point source in a real urban develop-
ment may differ significantly from those in 
regular series of model buildings. In addition, 
the problem of numerical simulation of various 
scenarios of pollution of city quarters in order to 
identify hidden dependencies, trends in the dis-
persion of impurities in the surface layer, the 
forecast of some basic parameters of the state of 
the environment is urgent. Therefore, it is of 
particular interest to confirm the results of mod-
el studies for the case of real city districts con-
taining canyon streets. In this paper, based on 
the Reynolds-averaged non-stationary Navier-
Stokes equations, we study the model of a real 
city district. 

The work is devoted to modeling the spread 
of atmospheric pollution in the surface layer of 
the central part of the city of Kharkiv (City Cen-
ter). The center (Fig. 2, 3) is a sub-model of the 
general model of the central part of Kharkiv 
(Fig. 1). Its construction was based on the city 
map (https://2gis.ua/kharkov) and the plan of the 
city surfaces, and covers the space of 
5000 x 5000 x 300 m3. The overall model of the 
central part contained several thousand multi-
storey buildings. The central part is located on a 
hill and is separated from other parts of the city 

by a system of rivers from the west, south and 
east. The terrain of the entire central part of the 
city has a height difference of about 90 meters. 
In the south and southwestern parts of the river 
is a valley, the northwestern part is limited by a 
large ravine, which passes into the forest, in the 
northeast there are an airfield and a forest park 
(Fig. 1). The mesh model of the central part 
contains about 4e+07 cells and takes into ac-
count the description of the boundary layer on 
the ground surface. 

Below, based on the non-stationary Navier-
Stokes equations, the impurity transfers equa-
tions, in the approximation of a weakly com-
pressible medium, the propagation in the surface 
layer of the atmosphere of a trace of a linear 
impurity source on the example of stationary 
carbon monoxide (CO) emission along the axial 
line is investigated. A two-parameter differential 
turbulence model with wall functions is used to 
model the turbulent transfer effects. The con-
stants and a detailed description of the model 
can be found in [19–21]. The influence of vege-
tation in the square (Fig. 3, № 1) is taken into 
account by the source terms in the right-hand 
sides of the momentum equations in the form of 
a linear dependence 0i iF C u  . According to 
experimental data [14], 0 1C   is selected for 
dense summer leaves. According to the recom-
mendation [14, 18, 19] in the equation of trans-
fer of kinetic energy of turbulence a source type 
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member was introduced k i iF u F , into the 
transfer equation   – source member type 

k kF C k F   . The model interprets the influ-
ence of vegetation as a homogeneous isotropic 

non-inertial volume, with additional terms in the 
model equations increasing turbulence produc-
tion. 

 

 
 

Fig. 1. Model of the central part of Kharkiv with the topography and a submodel  
 

Modeling problem statement 
The study was carried out experimentally by 

measurements on the ground, as well as by 
modeling using the author's MTFS® software 
[15] by the method of setting from the braked 
state to the developed constant in the middle 
flow. The flow outside the computational do-
main of the entire model is assumed completely 
turbulent. The second stage of the calculation is 
based on the LAWEPS approach [17], in which 
the boundary conditions for the sub-model are 
taken from the calculation of the whole model of 
the central part of the city. The calculation of the 
submodel goes on in a non-stationary formula-
tion. 

Along the centerline of the main streets 
(№ 2–6), a linear source was assumed to provide 
a constant flow of impurity in time and along the 
road at an altitude of about 0,5 meters with a 
temperature equal to the flow temperature of the 
incoming stream. Based on the analysis of the 
traffic flow and the experimental dependences 
obtained in the experiments [23], a constant time 
flow rate of CO in the form of a mass fraction 
per linear meter of the centerline of 5e-06 was 
determined, which corresponded to the experi-
mental data. Streets № 3, 4, 4, 6 are central, 

characterized by heavy traffic. The properties of 
air and CO are taken from [22]. 

 
An experimental setup. To formulate the 

simulation problem, experimental measurements 
of CO and atmospheric parameters at the sub-
model points were performed. The state of the 
atmosphere was estimated during the summer 
day of the year. A series of experimental meas-
urements of the mass fraction of CO in the day-
light summer hot time, 14-00, was made in the 
beginning of August 2018 with bright sun and 
dominating southwest wind (Fig. 4) at a speed of 
about 2 m/s and in the presence of dense leaves 
in the square. The air temperature was about 
33o C with the heat flux from solar radiation of 
500 W/m2 selected from the literature [18, 
p. 340]. The walls of the buildings were consid-
ered adiabatic. 

Measurement points were selected at street 
crossroads (points 2a, 3a, 4a, 5a, 6, Fig. 3). Ex-
perimental measurements of CO concentration 
were performed at a height of 1,5 m. The meas-
urements were performed with two experiments 
at each selected point with a time interval of 
30 min between every series. The measurement 
data are presented in table 1. 
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Fig. 2. Aerial photography of a fragment of the 
building area 

 
Fig. 3. Scheme of streets measuring the mass fraction 

of CO and temperature in the fragment of the de-
velopment area; № 1-a square with thick leaves; № 
2–6- streets; points 2–6, 2a–5a, 2b–5b-crossroads 

 
Table 1 – Aggregated measurement and calculation results for sites № 2–6 

 
Area, 

measuring 
point 

Experiment № 1, 
mass fraction 

CO 

Experiment № 
2, mass fraction 

CO 

Air tempera-
ture, K. 

Local wind 
velocity, m/s, 

direction 

Calculation of 
mass fraction 

of CO 
№ 2а 9.0е-6 8.0е-6 306 0.20 (П) 1.1е-05 
№ 3a 2.0е-6 3.5е-6 305 0.50 (П) 1.4е-06 
№ 4a 5.0е-7 2.5е-6 303 0.20 (П) 2.5е-06 
№ 5a 1.1е-6 1.9е-6 303 0.40 (П) 1.7е-06 
№ 6 9.5е-7 1.0е-6 303 0.50(П-З) 1.1е-07 

 
Vehicle exhaust emissions were evaluated 

individually for each segment of the road on the 
basis of experimental data as well as traffic in-
tensity data. Namely, the distribution of CO 
along the streets was as follows. Each street 
№ 2–6 is divided into sections 2–6, 2a–5a, 2b–
5b. At each site, an individual cost was set based 
on experiment data for the southwest wind. The 
data from the experiments were concentrated. 
Distribution along the streets was determined by 
constant law. 

All rates were considered constant; wind di-
rection and velocity over the measurement time 
interval were also considered constant. Next, a 
non-stationary calculation of the wind flow at 
constant boundary conditions was performed. 

On the obtained from the experiments of the 
distribution of CO were also considered compu-
tational modeling of the blowing of the terrain 
and buildings with a southwestern wind (Fig. 4, 
5). These data were compared with those for 
northeast wind (Fig. 6, 7); northwest wind 
(Fig. 8, 9); southeast wind (Fig. 10, 11). 

 

Discussion the results of the study 
Fig. 4–11 show the distribution of the mass 

fraction of CO at a height of 2m from the sur-
face of the earth, and the roofs of buildings (at a 
distance of 0,2 m), as components of automobile 
exhaust at the mean square averaging over a 
period of 0,5 hours of daytime. 

These figures also show the distribution of 
air temperature near the surface of buildings 
(0,2 m) and near the ground, as well as the road 
surface at elevated atmospheric temperature. 
Temperature fields, velocity fields, and CO par-
ticle distribution fields are non-stationary, so the 
distribution patterns are obtained by averaging 
over the integration period at the mean square 
averaging over a period of 0,5 hours of daytime. 

Calculations of heat transfer and impurity 
were performed for different wind directions at 
constant velocity magnitude. The spot of high 
temperature over the fragment of construction, 
which covers the considered urban development, 
and corresponds to the presence of a «heat is-
land» at a temperature difference of about 2–
4o C, draws attention. 
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Fig. 4. Distribution of air temperature near the surface of buildings and soil at root mean square aver-
aging over a period of 0,5 hours of daytime at elevated T of air (southwestern wind) 

 
 

 
 

Fig. 5. Distribution of the mass fraction of CO near the surface of buildings and soil at root mean square 
averaging over a period of 0,5 hours of daytime at elevated T air (southwestern wind) 
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Fig. 6. Distribution of air temperature near the surface of buildings and soil at root mean square aver-

aging over a period of 0,5 hours of daytime at elevated air temperature (northeast wind) 
 

 
Fig. 7. Distribution of mass fraction of CO near the surface of buildings and soil at root mean square 

averaging over a period of 0,5 hours of daytime at elevated T of air (northeast wind) 
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Fig. 8. Distribution of air temperature near the surface of buildings and soil at root mean square 

averaging over 0,5 hours of daytime with elevated T of air (northwest wind) 
 

 
Fig. 9. Distribution of mass fraction of CO near the surface of buildings and soil at root mean square 

averaging over a period of 0,5 hours of daytime with high T of air (northwest wind) 
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Fig. 10. Distribution of air temperature near the surface of buildings and soil at root mean square 

averaging over a period of 0,5 hours of daytime at elevated T air (south-east wind) 
 
 

 
 

Fig. 11. Distribution of mass fraction of CO near the surface of buildings and soil at root mean square 
averaging over a period of 0,5 hours of daytime at elevated T of air (south-east wind) 
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The main mass transfer in the considered ar-
eas is due to advection, so the closed space of 
urban development in some places is character-
ized by a relatively low concentration of CO. 
Temperature distributions are also generally 
provided by advection, so the temperature of the 
windward walls of buildings is lower than the 
leeward ones. 

The surface of the roofs is exposed to the 
heat flux of solar radiation, so the temperature of 
the roofs is slightly increased. 

Figures 13–17 show graphs of the distribu-
tion of mass fraction of CO, temperature and 
wind speed near the surface of the soil at a mean 
square averaging over a period of 0,5 h of day-
time at elevated air temperature (southwestern 
wind) along the center line of streets № 2–5. 
The red frame highlights a wide gap in the hous-
es between streets № 3–5, which houses a 
square with tall trees. The height of the trees in 
the garden reaches the height of the houses. 

Almost all streets of the selected fragment of 
the central part of the city belong to the type of 
canyon streets with a characteristic parameter 
K=H/W, where H is the height of the houses, 
W- the width of the street, which for the central 
streets № 2–6 is 0,8… 1,0. Fig. 12, 20, 21 show 
the current lines in the wind velocity fields for 

the southwestern wind case. It is possible to see 
screw forms of current lines along streets № 2–
5, despite the bevel angle of about 45 degrees of 
the velocity vector with respect to the directions 
of the centerlines of streets № 2–5. This flow 
pattern somewhat helps to cool down the walls 
of buildings and even out the concentration of 
impurities in the city center. 

The calculations compared the effect of the 
presence of green space on the example of a 
square in the central part of the fragment. Com-
parisons of flow structure and transport in the 
presence or absence of trees in the square is 
shown in Fig. 17–22. Narrow, one-way, low-
intensity streets pass between the square and the 
houses. That is, the space between the square 
and the houses can be considered as a canyon 
with parameter K=1,5. Based on the analysis of 
the transfer through the square, it can be stated 
that in the southwestern wind most of the air in 
the presence of trees passes along narrow streets 
(Fig. 19–21). 

It should be noted that there is a sharp non-
uniformity in the transverse distribution of the 
mass fraction of CO for streets that flow at an 
angle between the centerline and the wind. This 
is the effect of the canyon streets, which can be 
seen in Fig. 5–11. 

 
а 

 
b 

 
Fig. 12. Structure of the flow (canyon effect) and the current line in the projection on the plane in the 

color gamut of the speed of the CO component (0–2 m/s) at the root mean square averaging over a 
period of 0,5 hours of daytime at elevated T air (southwest wind); а) – the central part; b) – frag-
ment 
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Fig. 13. Distribution of mass fraction of CO and temperature near the surface of the soil at root mean 
square averaging over a period of 0,5 h of daytime at elevated air temperature (southwest wind) 
along the centerline of street № 3; The wide gap in the layout of the houses where there is a 
square with tall trees is highlighted in red 

 

а)  б)  
 

Fig. 14. Air velocity distribution near the surface of the soil at root mean square averaging over a 
period of 0,5 hours of daytime at elevated air temperature (southwestern wind) along the center 
line a) – for street № 3; b) – for street № 4 

 

           
 

Fig. 15. Distribution of mass fraction of CO and temperature near the surface of the soil at root mean 
square averaging over a period of 0,5 h of daytime at elevated air temperature (southwestern 
wind) along the centerline of street № 4 
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Fig. 16. Distribution of mass fraction of CO and temperature near the soil surface at root mean square 

averaging over a period of 0,5 hours of daytime at elevated air temperature (southwestern wind) 
along the centerline of street № 5 

 

а)     б)  
 

Fig. 17. Air velocity distribution near the surface of the soil at root mean square averaging over a 
period of 0,5 hours of daytime at elevated air temperature (southwestern wind) along the center 
line of street № 5; a) in the absence of trees in the square; b) in the presence of trees 

 

а)      б)  
 

Fig. 18. Distribution of mass fraction of CO (a) and temperature (b) of air near the surface of the soil 
at a root mean square averaging over a period of 0?5 h of daytime at elevated air temperature 
(southwestern wind) along the centerline of street № 5 in the absence of trees in the square 
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a)          б)  
 

Fig. 19. Comparison of time-averaged fields of wind speed in the absence of trees in the square (a), in 
the presence of trees (b); wind is measured in the range 0–2 m/s; the walls and roofs of buildings 
reflect the mass fraction of CO in the range 1e-5 – 1e-10; height of measuring points -2 m 

 
 

 
Fig. 20.  Current lines of wind speed fields in the absence of trees in the square 
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Fig. 21. Current lines of wind speed fields in the presence of trees in the square 
 

 

 
 

Fig. 22. Averaged values of air velocity at the crossroads a2–a5 near the soil surface at elevated air 
temperature depending on the wind direction 
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Fig. 23. Averaged values of the mass fraction of CO at the crossroads a2–a5 near the soil surface at 
elevated air temperature, depending on the wind direction 

 

 
 

Fig. 24. Averaged values of air temperature at the crossroads a2–a5 near the soil surface at elevated 
air temperature depending on wind direction 

 
The absence of trees changes the structure of 

the stream, the distribution of the concentration 
of CO and the temperature in the northern part 
of streets № 4, 5, 6. This can also be seen from 
the comparison of the air velocity distribution 
graphs near the soil surface along the centerline 
of street № 5 (Fig. 17–21). 

Fig. 22–24 show the averaged values of the 
air parameters at the crosses № 2a–5a near the 
surface of the soil at elevated air temperature, 
depending on the wind direction. The selected 
intersections are internal to this fragment of the 
central part of the city, and therefore the effect 
of the boundary conditions on them is somewhat 
reduced. Also noteworthy is the similarity of the 
behavior of the parameters – CO, flow velocity 
and, to a lesser extent, temperature, regardless of 

the direction of wind load. This indicates the 
dominant influence of city development on the 
dispersion of the impurity over the wind direc-
tion. It should be noted that the calculated con-
centration of CO correlates with the data ob-
tained in [23]. 

 
Conclusions 

The numerical model of building of the cen-
tral part of the city of Kharkov in the near-Earth 
layer of the atmosphere is considered, taking 
into account the variable terrain of the adjacent 
terrain, taking into account the transfer of impu-
rities in the conditions of a lateral wind plot and 
plantations of different density. On the example 
of this development, the existence of the effect 
of «heat island» is registered. 
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The presence of plantations in the square has 
a local influence on the spread of CO. Along the 
street № 3, the concentration of CO and the 
temperature are almost the same; the air velocity 
is slightly increased in the case of the absence of 
trees in the garden, within 10 %. This is more 
pronounced at the bottom of the street. 

The example of blowing up a residential dis-
trict of a center shows the predominant influence 
of city development on the impurity dispersion 
compared to the effect of wind direction. 

The results obtained indicate that a decrease 
in velocity in the porous green space and further 
weakening of the dispersion within the canyon 
can potentially have an undesirable effect on air 
quality. 
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Модель перенесення домішки транспортного 
походження в структурі вулиць-каньйонів 
центральної частини м. Харкова 
Анотація. Робота присвячена розробленню мо-
делі та дослідженню особливостей процесу пере-
несення забруднювальних речовин у приземному 
шарі кварталів центральної частини міста за 
наявності насаджень і рельєфу місцевості. 
Як основа моделі розглядається мікрорайон 
центральної частини м. Харкова. Цей мікрорайон 
є підмоделлю загальної моделі центру міста, 
обмеженого яром, рікою і лісопарком. На цій 
основі застосований підхід LAWEP [17], що поля-
гає в попередньому розрахунку адвекції для зага-
льної моделі центру на відносно грубій сітці, 
потім перенесення даних як граничних умов і 
початкового наближення на розглянутій підмо-
делі. Уздовж осьової лінії вулиць передбачається 
лінійне джерело, що виділяє постійну в часі ви-
трату домішки. Домішка переноситься в призе-
мному шарі вулиць в умовах бічної вітрової епю-
ри, змінного рельєфу місцевості та насаджень у 
вигляді скверу. Модель основана на сітковому 
описі тривимірної ділянки. Рух повітряного сере-
довища описується рівняннями Нав'є-Стокса, 
усередненими за Рейнольдсом. Суцільне середо-
вище приймається слабко стисливим, багато-
компонентним та хімічно нейтральним. Для 
моделювання турбулентних ефектів перенесення 
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як базова використана високорейнольдсова дво-
параметрична диференціальна модель турбулен-
тності з пристінними функціями. Моделювання 
захаращення простору листям і гілками дерев 
виконується на основі моделі пористого середо-
вища. Рівняння Нав'є-Стокса, а також рівняння 
перенесення для параметрів моделі турбулент-
ності містять джерельні члени в правих части-
нах у вигляді статечної залежності модуля шви-
дкості в ділянках пористості. Ця модель інтерп-
ретує вплив рослинності як однорідний ізотроп-
ний опір малоінерційного об’єму, додаткові члени 
в рівняннях моделі турбулентності збільшують 
виробництво турбулентності. Дослідження про-
ведено з використанням авторського програмно-
го комплексу MTFS®, в якому базовий неявний 
алгоритм забезпечений розщепленням за мето-
дом змінних напрямків і TVD схемою 2/3-го по-
рядку точності. Розрахунки виконані методом 
установлення перебігу від загальмованого стану. 
Перебіг у підмоделі розраховувався в нестаціона-
рній постановці за стаціонарних граничних умов 
протягом позарозрахункової ділянки вважалося 
повністю турбулентним, що визначалося вхідни-
ми граничними умовами. Вхідний профіль швид-
кості вітру використовувався з урахуванням 
прикордонного шару. Виконано моделювання 
поширення домішки вздовж кварталів підмоделі 
центру за наявності/відсутності листя у сквері. 
Отримано задовільний збіг з експериментальни-
ми даними. Виявлено явище теплового острова. 
Підтверджена вихрова структура ліній струму 
за умови обтікання вулиць-каньйонів. Показаний 
вплив структури вулиць-каньйонів на поширення 
домішки від транспортних засобів. 
Ключові слова: структура вулиць-каньйонів, 
насадження, приземний шар, перенесення забруд-
нень. 
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Модель переноса примеси транспортного про-
исхождения в структуре улиц-каньонов цен-
тральной части г. Харькова 
Аннотация. Работа посвящена разработке мо-
дели и исследованию особенностей процесса пе-
реноса загрязняющих веществ в приземном слое 
кварталов центральной части города при нали-
чии насаждений и рельефа местности. В каче-
стве основы модели рассматривается микрорай-
он центральной части города Харькова. Вдоль 
осевой линии улиц предусматривается линейный 
источник, выделяющий постоянный во времени 
расход примеси. Примесь переносится в призем-
ном слое улиц в условиях боковой ветровой эпю-
ры, переменного рельефа местности и насажде-
ний в виде сквера. Модель основана на сеточном 
описании данной трехмерной области. Движение 
воздушной среды описывается уравнениями На-
вье-Стокса, осредненными по Рейнольдсу. 
Сплошная среда принимается слабо сжимаемой, 
многокомпонентной і химически нейтральной. 
Для моделирования в качестве базовой использо-
вана высокорейнольдсовая двухпараметрическая 
дифференциальная модель турбулентности с 
пристенными функциями. Моделирование загро-
мождений выполняется на основе модели пори-
стой среды. Исследование проведено с использо-
ванием авторского программного комплекса 
MTFS®, на основе TVD схемы 2/3-го порядка точ-
ности. Выполнено моделирование распростране-
ния примеси вдоль кварталов подмодели центра 
при наличии/отсутствии листвы в сквере. Обна-
ружено явление теплового острова. Показано 
влияние структуры улиц-каньонов на распро-
странение примеси от транспортных средств. 
Ключевые слова: Структура улиц-каньонов, 
насаждения, приземный слой, перенос загрязне-
ний. 
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