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Abstract. In this paper, on the background of a short overview of the recent advances in the field of Environmental Wind Engineering
(EWE), a comparison of wind tunnel experiment and numerical simulation for some cases of airflow around an urban layout have been
reported. The purpose of the study is quantitative and qualitative comparison of measurements in the wind tunnel as well as numerical
simulation using Ansys Fluent software. The study is concerned mostly with the analysis of parameters which are essential in the building
industry, such as pressure and velocity fields. In the numerical analysis the k-ε realizable model of turbulence with the basic model of
boundary layer – Standard Wall Treatment, were used. Particular attention has been paid to accurate depiction of the conditions on the inlet
and the selection of suitable computing.
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1. Introduction

The progress of the architecture and urbanism raises problems
requiring interdisciplinary research conducted with the use of
advanced experimental techniques and computer simulation.
The fields of this research include aerodynamics, especially in
intensively developed area of Environmental Wind Engineer-
ing (EWE). This branch allows to explore and consequent-
ly to optimize airflow around buildings and urban structures
[1, 2]. Microclimate phenomena associated with the airflow
around buildings have become of particular interest in the
recent years [3–6]. Nowadays quality requirements concern-
ing microclimate conditions (proper ventilation, elimination
of rapid air movement in pedestrian area, protection against
noise and cooling caused by the wind, reduction of deposition
odors and dirt accumulation) [7] imply the need for aerody-
namic testing in the initial phase of design process, where
decisions concerning shapes of the objects are made.

Initially, experimental studies in wind tunnels which allow
visualization and measurement of selected parameters, were
used. Wind tunnel research is costly and time-consuming,
hence the number of design variants examined is limited.
This in turn provides a major barrier for investors. As the
result, such experiments are undertaken mainly in the case of
buildings with particular aerodynamic conditions (e.g. high-
rise buildings, free-standing roofs of large-volume, building
assemblies localized within the aeration channels) [8].

In effect of the progress in computer simulations and
increasing availability of Computer Fluid Dynamics (CFD)
made it possible to use numerical simulation in EWE since
the late nineties [3, 9, 10]. Research methods of numerical

simulation allow to analyze many variants of building shape
and position in short periods of time. Although some rec-
ommendations and practice guidelines for such studies are
available in literature [11, 12], they require high expertise
and a creative approach to each facility and pose a scientific
challenge [2–4].

The main drawback of numerical methods is the quality
of the obtained results. While the tunnel tests lead to results
of a well-estimated accuracy, the quality of the results given
by numerical simulation methods depends on the errors in the
modeling of physics. Often the geometry and inlet conditions
are simplified. Hence numerical models should be developed
individually for each object, and the verification of each mod-
el by means of comparison with experimental data obtained
in a wind tunnel is indispensable (validation process can be
done for only two or three wind directions, not for all). The
verification of numerical models is especially important in
the case of complex sets of buildings, the examples of which
include urban development reported in the paper.

The research results of the simple geometric objects are
reported in literature. Such examples as: freestanding solids
[13–16], regular alignment of solids [3, 17], the space be-
tween the two walls showing the street model [18], are of-
ten referred. However publications concerning more complex
geometric structures, which take into account the surrounding
development and as such are closer to the real problems met
in architectural design, are relatively rare [5, 19, 20]. Reports
on complex assemblies for urban development, containing ex-
perimental verification of numerical models are scarce.

The aim of the current study are qualitative and quan-
titative comparisons of two methods for testing the airflow
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around urban structures. It comprises of the measurements
performed on a real building model in a wind tunnel and nu-
merical simulations. The subject of the research described is
the complex set of buildings, which is a hypothetical example
of an urban quarter. It represents a typical situation where a
C-shaped building is surrounded by a dense city structure.

In the following paper the k-ε realizable model of turbu-
lence, recommended and used in several previous works [2, 4,
7, 21, 22], has been applied in the numerical simulations. A
proper accuracy of the numerical model and simulation was
obtained by selection of an appropriate mesh and a faithful
reproduction of flow features at the inlet (obtaining profiles
of velocity and turbulence intensities as closely as possible).
The wind experiments were performed for several different
velocity profiles and turbulence intensities, via accurate mea-
surements of the velocity profile in front of buildings and
pressure measurements in the vicinity of buildings along a
predetermined path.

2. Models of test object

2.1. Geometrical model. An urban arrangement in the form
of an urban quarter filling a rectangular grid of streets was
chosen as an object of this research. The model illustrates
the spatial structure of a compact city layout in a form of a
quarter shown in Fig. 1. It contains two basic types of ur-
ban interiors, that is: streets and a square in the shape of a
courtyard inside the quarter. There are some simple buildings
of an elongated shape and one in the shape of letter C. It
is the type of buildings where potentially many diverse phe-
nomena may occur at the same time, for instance, a corner
effect, a narrowed flow effect, an elongated building effect,
zones of intense turbulence and stagnation zones. Dimensions
and proportions of the building layout adopted for the study
correspond to the rules of positioning of buildings. These
rules take into account insolation premises, mutual shadow-
ing, fire regulations as well as residential and service func-
tionality.

Fig. 1. Shape of the analyzed urban quarter (real dimensions in me-
ters)

The model of a residential quarter including adjacent
buildings was made in scale 1/400. The scale was chosen
in such a way as to enable a direct comparison between nu-
merical results and the result achieved in the wind tunnel
tests.

A section of the wind tunnel with a height of 0.625 m,
a width of 1.25 m and length of 2.5 m is the computational

domain. According to the recommendation contained in [16],
the minimum height of the area should be at least 5-times
equal to the maximum height of the building (0.045 m). In
case of this study, the ratio is more than twice as high. The ve-
locity inlet is within 0.4 m or about 8 heights of the building,
which meets the recommendations given in [9]. The outflow
was placed at a distance of 1.5 m from disturbing elements
(it is about 30 height of the building).

2.2. Numerical model. Numerical calculations were carried
out in the Ansys Fluent software [23, 24]. A model of turbu-
lence was k-ε realizable [22], which is an extension of the
standard k-ε model [5, 7, 8, 14]. It belongs to the group of
RANS methods in which the motion of the fluid is described
by the equation based on the parameters of the time-averaged
flow rate.

According to the Reynolds’ hypothesis, intensive quanti-
ties (for instance velocity or pressure) in the turbulent motion
can be represented as a sum of the mean value and fluctu-
ating variable. The values defined in this way are introduced
into continuity and momentum equations. The system which
results from this procedure consists of four equations. There
is a new element called the Reynolds’ stress tensor in the
momentum equations. It has six unknown components. The
problem is not closed. There are ten unknown variables that
is pressure, three components of velocity and six of stress ten-
sor. It is therefore necessary to include the equations which
allow to calculate those additional unknowns. All turbulence
models containing the above mentioned standard k-ε and k-ε
realizable deal with this problem [12, 23].

The k-ε models of turbulence are based on the Boussi-
nesq’s hypothesis, which assumes that the Reynolds’ stresses
are proportional to a deformation rate. It is a two equation
model. That is due to the fact that turbulent viscosity is de-
fined by two additional differential equations describing the
changes of the kinetic energy of turbulence k and the dissi-
pation of kinetic energy ε over time.

The model k-ε realizable is a refinement of the basic k-ε
model. The main difference between the two models com-
prise their constant value, which occurs in the definition of
turbulent viscosity in the standard k-ε model. In the k-ε re-

alizable it becomes a variable determined on the basis of
such factors as kinetic energy of turbulence, dissipation of
turbulence and the strain tensor. This alternation prevents the
formation of negative turbulent normal stresses in fluid, which
may occur in the standard k-ε model. In all cases examined
so far, the results obtained with this model are closer to real-
ity than those obtained from calculations using the standard
model [23, 24]. Therefore, the numerical calculations of flow
around the buildings made use of the k-ε realizable model.

Turbulence models k-ε and k-ε realizable are intended
to describe the motion of a high Reynolds’ number, and for
this class of flows they give the best results [22, 23]. This
is because the model k-ε assumes that the viscous stress (de-
pending on the molecular viscosity) is small in comparison to
the Reynolds’ stress [22]. In the direct neighborhood of walls,
however, these assumptions are not met. The Reynolds’ num-
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ber decreases as it approaches the wall, and the proportion
of the viscous stress is large because of the relatively large
velocity gradients. Therefore, the k-ε model in the vicinity of
walls does not give correct results and has to be replaced by
a boundary layer model. To determine the flow in the vicin-
ity of walls the Standard Wall Function model was applied
with respect to [23, 24]. Its use does not require excessively
thick mesh around the walls, which allows a great reduction
in computation time.

The flow was modeled as stationary, which is a common
practice in numerical simulations of flow around buildings.

3. Wind tunnel experiments

The aim of the study was to produce a velocity profile which
is the boundary condition for the numerical calculations, as
well as providing data for qualitative and quantitative com-
parison of a numerical simulation and experiment. The mea-
surements were performed in a wind tunnel of an open circuit
with a closed test section 1 m × 1 m and 7 m in length.

3.1. Velocity measurement, turbulence intensity and the

pressure field. The appropriate velocity profile and turbu-
lence kinetic energy distribution were obtained by inserting
an obstacle into the tunnel in order to disturb the flow and
achieve an appropriate roughness of the ground level. These
obstacles included spires and cubic blocks placed at the bot-
tom of the tunnel in the formation section, in the area before
the model. The method used for distribution of these elements
to make them suitably disrupt the flow of the wind tunnel was
adopted according to the study [25].

Velocity measurements were made both in front of a quar-
ter of buildings (to provide input to numerical analysis) and
in the immediate vicinity of buildings (in order to provide da-
ta for benchmarking). The velocity profiles were measured by
means of a hot wire (probe P11, wire diameter 5 µm) {Dantec
Dynamic CTA} in 13 locations along the normal path to the
floor. Their location is shown in Fig. 2.

Fig. 2. Positions of measurements of the velocity profile and the in-
tensity of turbulence (XY plane, dimensions of the model in meters)

In each place, velocity and turbulence intensity were mea-
sured at approximately 90 points. The highest measurement
point was located at a height of about 350 mm above the

base of the tunnel. Together with lowering of the probe (and
increase of speed gradients) the distance between successive
measurement points of logarithmic densification (the smallest
steps as 0.05 mm) was reduced. Values that were obtained
directly from the measurements included the average speed ,
and speed fluctuations (standard deviation of the speed) and
were measured along the direction of the flow.

Pressure measurements were performed at the floor of the
tunnel, near the central building, and ran along designated
paths. Location of the holes to measure the pressure on the
model is shown in Fig. 3. Accuracy of the measurement is
within ± 1 Pa.

Fig. 3. Positions of pressure sensors (XY plane, dimensions of the
model in meters)

3.2. Visualization of flow phenomena using oil film. The
method of the oil film belongs to the visualization techniques
in which the tested surface is coated with a thin layer of oil
containing a suitable pigment. During the test, oil distributed
on the surface is blown off from the areas of high flow ve-
locity and it is accumulates in places where the flow is much
less dynamic. In addition, the washed away oil leaves more
pigment where the flow is slower and the shear stress – less in-
tense. The resulting images provide information about the time
averaged velocity (dependent on shear stress) and the stream-
line [3]. During the experiments pictures were taken every 30
seconds. Their sequence allows for a better understanding and
correct interpretation of the phenomena occurring in the flow.

4. Velocity profile and computational grid

From the point of view of the quality of the results an ap-
propriate choice of the distance between the inlet (where the
boundary condition is given) and the wall of the first building
is extremely important. On the one hand, an extremely long
distance can change the shape of the velocity profile in front
of an obstacle and may result in discrepancies between calcu-
lations and experiment. On the other hand, due to the forced
boundary conditions (the derivative of the flow parameters
along the normal to the surface of the inlet is zero), the inlet
should be sufficiently separated from the object. Disturbances
caused by the presence of the model should not influence the
adopted inlet data.
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Fig. 4. Development of velocity profiles along a tunnel for four different x values; comparison graphs of velocity used in numerical simulation
(colored lines) with experiment measurements (red points)

For the right selection of the distance x between the in-
let and the model of buildings, several computational models
were tested prior to the start of research for x = 0.2− 0.7 m.
It is recommended in the literature that the distance x should
be about 5 to 8 height of the tallest building hb [10]. Follow-
ing this practice, the main part of the research was performed
for x = 0.4 m, which is equal approximately 8 hb.

In typical flows around buildings, an atmospheric bound-
ary layer retains the horizontal homogeneity. This means that
the velocity profile does not change substantially along the
flow direction and the velocity gradients are close to 0. Limi-
tations turbulence models RANS (in particular, the k-ε and the
ones related) have the effect that when using the experimental
conditions at the inlet, the velocity profiles have a tendency
to change in the numerical simulation of flow along the direc-
tion [15, 16]. To reduce this problem, investigations of how
the velocity profile develops were done along the length of
the tunnel before the profile reaches the front of buildings (as
in [16]). The aim of this study was to provide a horizontal
homogeneity of the flow in numerical analysis and obtain ve-
locity profiles consistent with the results of measurements in
the wind tunnel. The evolution of the velocity profile is shown
in Fig. 4, where from the same scale can be read out values
of flow velocity in [m/s] units.

Generation of a correct computational grid is extremely
important from the point of view of the quality of numerical
solution obtained in the study. The construction of the grid
was guided mainly by the principles available in the literature
[22–24].

The discretization of calculation is shown in Fig. 5. For
the purpose of our calculations, a structural grid of 1.8 mil-
lion items was used. The length of the elements in the grid
thickened zone is equal 1/9 the height of the building, which
is about 0.005 m. Outside this zone, the elements increase in
each direction with growth rate about 1.2.

Two alternative methods of discretization were examined:
a) a given grid was concentrated, b) unstructured mesh was
used. Verification of the grid’s correctness was achieved by
comparing the data on pressure from the numerical simula-

tion and from the experiment and by a comparison the dimen-
sionless distance from the wall y∗ defined by Eq. (1) in the
pressure measurement points

y∗ =
ρc

1/4

µ k1/2y

µ
, (1)

where ρ is a density, cµ = 0.09 – constant, k – a kinetic
energy of turbulence and µ – a turbulence viscosity.

Fig. 5. The mesh in XY plane

The volume of the mesh elements of the walls should be
of such a size, that in the middle of them, the dimension-
less distance from the wall y∗ should be contained within
15 < y∗ <∼ 300 wherein the most desirable is y∗ ∈ (30, 60)
[23, 24].

The above analysis showed that: the output mesh fulfills
the requirements for dimensionless distance from the wall.
All elements in the vicinity of the walls meet the criterion
15 < y∗ <∼ 100 wherein for most of them y∗ ∈ (30, 60).
Pressure values obtained by the use of structural grids are
closer to the experimental results than the results obtained
using unstructured mesh. Mesh refinement does not signifi-
cantly affect the quality of the results and the time allocated
for computations with the use of an output grid is the shortest.
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5. Comparison of numerical calculations

and experimental results

The results of tunnel experiments and numerical simulations
are shown in Figs. 6–14. The research was performed for two
opposite directions of flow, along the longer axis of the quar-
ter, marked as case 1 and case 2. Comparative analysis is
divided into two parts:

• qualitative – which juxtaposes the oil visualization paint-
ings and the current lines against the background of the
velocity field obtained numerically (Fig. 6),

• quantitative, in which the pressure distributions are com-
pared along specified paths (Figs. 8–10, 12–14).

The results of numerical simulations are showed in the plane
z = 2.5 mm in model dimensions, which is equal 1 m in real
dimensions.

From comparison of left and right part of Fig. 6, it can
be observed, that the flow patterns obtained by calculation
are generally similar to the results of the oil visualization for
both presented directions of flow (case 1 and case 2). In most
of the test areas, the direction of the flow coincides with the
experiment. However, differences are noticed between the re-

sults of oil visualization and image of streamlines obtained
numerically. They can be divided into three groups:

a) inaccuracies in the mapping of “symmetric” vortices in the
immediate vicinity of the narrow buildings,

b) underestimation of the size of the stagnation zone in front
of the building – in places where the flow was inverted,

c) incorrect direction of the streamline in the forehead part of
stagnation area.

In the case of images obtained by both methods certain
aerodynamic phenomena occurring around buildings can be
identified, e.g. a corner effect near the gable walls, a nar-
rowed flow effect at the entrance to the street, a stagnation
zone inside the quarter. However, these phenomena are more
evident in the numerical visualization, as this method con-
tains information approximating the value of tested parameter
(in this case the wind velocity). This information is important
from the point of view of the use of numerical simulation
in concept design phase, when a quick comparison between
several variants of building design and general understanding
the consequences that may follow spatial decision-making are
crucial.

Fig. 6. Qualitative results of research for two different directions of flow: on the top – case 1, below – case 2; pictures on the left – oil flow
visualization, on the right – numerical simulation showing velocity field in the plane z =

1

18
hb = 2.5 mm (1 m in real dimensions)
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Fig. 7. Map of the pressure and paths of pressure measurement points in the plane z =
1

18
hb = 2.5 mm, case 1 (direction of flow marked

by the arrow on the left)

Fig. 8. Numerical and experimental results, path 1–4, case 1

Fig. 9. Numerical and experimental results, path 5, case 1

Fig. 10. Numerical and experimental results, path 6, case 1
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Fig. 11. Map of the pressure and paths of pressure measurement points in the plane z =
1

18
hb = 2.5 mm, case 2 (direction of flow marked

by the arrow on the left)

Fig. 12. Numerical and experimental results, path 1–4, case 2

Fig. 13. Numerical and experimental results, path 5, case 2

Fig. 14. Numerical and experimental results, path 6, case 2
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In order to facilitate presentation of the quantitative re-
sults, the line segments along which the pressure measure-
ments were made are numbered. Results of the analysis are
presented in three separate graphs depicting pressures along
segments 1-4 (rectangular loop), 5 and 6 (red sections). The
independent variable is the length – measured along respec-
tive segments in the direction shown in the drawings (Fig.7).

The comparative analysis of the results showed that the
selected turbulence model k-ε realizable allows for a relative-
ly accurate determination of the pressure along the analyzed
paths. The biggest differences are observed in the vicinity of
the strongly turbulent zones. Pressure values obtained in other
areas are almost identical with the results of the experiment
conducted. The reason for discrepancies in the vicinity of
zones marked out by strong turbulence is overproduction of
the turbulence kinetic energy. It causes suppression of large
vortices, which leads to reduction of pressure gradients. Dif-
ficulties associated with the correct determination of pressure
in zones of strong turbulence and excessive turbulence in-
tensity (in the area behind the buildings) are caused by the
simplifications used in the model k-ε. Similar errors in the
pressure distribution were obtained in other works [22]. It is
worth mentioning that the pressure measurements conducted
in a wind tunnel can also be affected by errors.

Both qualitative and quantitative results allow to conclude
that the use of turbulence model k-ε realizable as well as the
methodology for determining presuppositions for numerical
simulation (velocity profiles and computational grid) present-
ed in the paper give a reliable accurate representation of an
airflow around complex geometric structures, similar to real
buildings situations. Therefore they may be useful for town-
planners and architects as a tool for optimization of the airflow
around buildings and urban structures, especially in urban de-
sign and concept phase of architectural design, when consid-
ering natural or hybrid ventilation or mitigating the impact of
Urban Heat Island.

6. Summary

This paper describes the results obtained from an analysis of
an airflow around a sample of an urban development. This
analysis contained:

• an investigation for several ways of discretization of calcu-
lation area and the choice of the best option,

• an attempt to find the closest match to the boundary con-
ditions,

• comparison of calculation and experiment.

Before proceeding to the appropriate calculations a research
was conducted to obtain the horizontal homogeneity of given
numerically velocity profile. This was accomplished as sug-
gested by the authors of the article [15].

Images of the flow patterns obtained by calculations are
similar to oil visualization made for a given geometry. All dis-
tributions of pressure are close to the experimental measure-
ments. The biggest differences in the results were observed in
zones of strong turbulence. It is a typical problem that arises
when the model of k-ε type is used to calculations [8, 23].

Despite some differences, the analysis performed in this
work showed that numerical results obtained with the use
of the k-ε realizable model of turbulence for quite complex
geometry reflect the reality with sufficient for design practice
accuracy. Air velocity and pressure maps obtained with the aid
of the described methods are possible to be used as a design
tool by architects and contain essential information (quali-
tative and quantitative) concerning aerodynamic phenomena
around complex configuration of buildings. So, it can be as-
sumed that modeling and simulation methodology presented
in this work can be useful in the practice of urban and archi-
tectural design.

Numerical methods have not yet been developed suffi-
ciently to completely replace the wind tunnel experiments.
However, they may be sufficient for preliminary analysis of
airflow around a building, when high accuracy is not required
and can complement a more accurate tunnel research, greatly
minimizing cost and time-consumption.
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