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THE PROBLEM OF AIRFLOW AROUND BUILDING CLUSTERS IN
DIFFERENT CONFIGURATIONS

In the paper, the authors discuss the construction of a model of an exemplary
urban layout. Numerical simulation has been performed by means of a commercial
software Fluent using two different turbulence models: the popular k-¢ realizable one,
and the Reynolds Stress Model (RSM), which is still being developed. The former is
a 2-equations model, while the latter — is a RSM model — that consists of 7 equations.
The studies have shown that, in this specific case, a more complex model of turbulence
is not necessary. The results obtained with this model are not more accurate than the
ones obtained using the RKE model. The model, scale 1:400, was tested in a wind
tunnel. The pressure measurement near buildings, oil visualization and scour tech-
nique were undertaken and described accordingly. Measurements gave the quantitative
and qualitative information describing the nature of the flow. Finally, the data were
compared with the results of the experiments performed. The pressure coeflicients
resulting from the experiment were compared with the coefficients obtained from the
numerical simulation. At the same time velocity maps and streamlines obtained from
the calculations were combined with the results of the oil visualisation and scour
technique.

1. Introduction

Wind engineering is a relatively young scientific discipline, dating back to the
1930s. The discipline combines multiple areas of science, including fluid mechan-
ics, construction, architecture and strength of structures. This field of study has
been developing for the last 50 years.
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Many scientific papers apply to computer simulations related to wind engi-
neering, comparison of experimental data results and proper modelling of the
boundary layer [1-15]. All this led to the formation of a new domain — the Com-
putational Wind Engineering (CWE). In his paper [16], Blocken summarizes the
achievements in this area over the last 50 years and predicts further developments.
His article contains an accurate review of the literature and trends in the field of
mechanics.

This paper considers one of the issue connected with CWE — wind comfortin a
housing estate, which is widely described in [17, 18]. City authorities, investors and
especially all of us who live in the urban space have noticed problems, which are
side effects of the wind. In some cases, the need for the aerodynamic expertise of
the expanded or new buildings is required by law. Such situation arises when they
are located in the aeration tunnels which provide ventilation in the city [19, 20].
Some investors order special tests in order to improve the attractiveness of the
offered estates. The purposes of conducting such an analysis are: minimization of
the stagnation zones (which gather pollution and odours); reduction of the impact
of onerous gusts of wind which threaten human health and life; proper placement
of windows, doors, gates and ventilation outflows; prediction of the acoustic effects
caused by components’ vibration related to the streams of airflow, through various
cracks.

Despite the significant development of CFD and many scientific papers related
to the airflow around the buildings, in the article [21], Blocken points out the
importance of the experimental validation of the model. It is particularly significant
during the study of complex architecture systems, where the problems connected
with modelling of turbulence in the boundary layer are most noticeable. Many of
the errors contained in RANS models, such as overestimation of the separation
zone length behind the obstruction (for example the building) and underestimation
of the speed in the back, do not occur while using the LES model (Large Eddy
Simulation), which is shown in the article [2]. However, the numerical process is
still too expensive to study a larger group of buildings, because usually we do not
have enough computing power and the researchers only predict its development
[16]. That is why authors decided to study not only the numerical part, but also
do a comprehensive research of the complex architectural quarter in the wind
tunnel. The analysis, which includes measurement of pressure, techniques using
sand erosion and oil visualization, has been performed.

The main aims of this paper are: accurate research on urban quarter; perfor-
mance of numerical simulations which use the turbulence k-¢ realizable model [2,
16, 22] and the seven-equation RSM model (Reynolds Stress Model) [11, 23, 24];
comprehensive comparison of numerical and experimental results for different lay-
out configurations and turbulence models, as well as discussion over its usefulness
in modelling flow around buildings.
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2. Model description

2.1. Actual geometry

The subject of the study is an urban quarter in a hypothetical setting. This is
an example of a typical situation when the C-shaped building is surrounded by
compact buildings. The model includes two basic types of urban systems: streets
and a courtyard inside the square. The dimensions and proportions of the building
chosen comply with building regulations regarding issues like the right to access to
daylight, mutual obscurity and fire regulations. They emulate typical conditions of
densely populated districts of large cities. The C-shaped building with an opening
was studied (Fig. 1). The system dimensions are shown in the sketch. All buildings
are 18 m high.

For the purposes of testing in the wind tunnel, the size of the buildings was
scaled down, using 1: 400 scale. The scaled dimensions were used for the numerical
simulation.
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Fig. 1. Shape of the analyzed urban quarter and the actual dimensions of the buildings [m]

3. Experimental research

Experiments were conducted in a wind tunnel with a 1-metre square cross-
section. It is necessary to generate an appropriate boundary layer while carrying
out measurements of an airflow around buildings in the standard tunnel. In that
case, a set of adequate spires and obstacles was used to achieve an expected profile
of velocity and the desired intensity of turbulence. This group of obstacles was
placed at the bottom of the tunnel in the formation section, in the area in front of
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the model ( Fig. 2). The method used for distribution of these elements in order to
make them disrupt the flow of the wind tunnel suitably was adopted according to
the study [20] and [25].

Fig. 2. Elements shaping the profile of velocity

The velocity and intensity profiles were measured by thermoanemometer in
several places (about 90) located along the tunnel height. When the probe was
closer to the base of the tunnel the distance between measurement points was
less (the smallest distance was equal 0.05 mm). The average speed u,, and speed
fluctuation u;,, (standard deviation of the speed) were measured directly along the
direction of the flow.

Five measurements were made for each point, and each measurement was ob-
tained by averaging the readings of the probe for a period of 3 seconds. The reading
accuracy was about 0.2 m/s. Data from experimental studies were interpolated
and then used in numerical simulation. The dimensionless velocity and intensity
profiles are shown in Fig. 3.
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Fig. 3. The dimensionless velocity and turbulence intensity profiles (solid lines present theoretical
results and squares — measurement results)
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The theoretical velocity profile was obtained using the formula

V=V, (i) (1)

s

where V; is the velocity at reference height z5 (in our case z; = 0.375 mm which
corresponds to 10 m in full scale) and « is the power — law exponent determined
by the terrain category (in our case o = 0.19). The profile of turbulence intensity
was calculated from equation

1

In (%)
where z is the boundary layer height determined by terrain category (in our case
Zo = 0.5 mm).

Measurement methods used for analysing an airflow around buildings can
be divided into two groups: point and planar. The first of them provides a piece
of numerical information about an arbitrary physical quantity, e.g. velocity or
pressure. This method is limited to the finite amount of points. The other one
provides continuous qualitative information on a certain value in a certain area
[21]. One of the point methods was used during the research — that is measuring
the pressure with a group of water gauges — and two planar methods — namely, oil
visualization and sand erosion were applied. The former method shows the direction
of the flow, while the second one informs about velocity changes that result from
the presence of obstacles on its way and are compared to an undisturbed flow. The
important parameter describing those changes is the speed gain factor @, hereafter
referred to as coefficient of wind amplification. (Article [21] explains explicitly
how to exactly determine this coefficient). The relation

I(z) = 2)

_ Ucs
UG,n

3)

(e47)

defines this coefficient, where Ugp denotes the ground-level wind speed that is
influenced by the building and for which sand erosion occurs, and Ug,, denotes the
ground-level wind speed that is not influenced by the building. Using the following
equalities

3

Uw.1 2 Uws

= —..= " 4)
U1 Ugo Ucs

B where Uwpg denote the
W.n
wind tunnel operating speed for which sand is blown away from the floor (in this

case the floor is without building models). In the second step, the building models
are placed on the floor, which is sprinkled with fine layer of sand. Wind tunnel
speed is increased in steps (Uw,1, Uw2 ... Uw.,...) and the sand erosion that

this coefficient may also be written in the form «,, =
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occurs at each case is allowed to reach a steady state. In the area where a > 1 the
flow accelerates, e.g., because of buildings. Conversely, for @ < 1 the flow slows
down.

Measurement of the pressure was carried out primarily in order to compare the
numerical model with the experimental one. The pressure was measured in defined
points between buildings with the use of water gauges’ battery connected to the
model using rubber tubing. The readings were taken automatically by the system
connected to the computer. The accuracy was +1 Pa.

Fig. 4. Distribution of pressure measurement points

In Fig. 4, the position of pressure measurement points in the channels between
the buildings and in the central square is shown. 104 measurement points were
created, while the distance between every two of them was limited to 20 mm. Path
points ran in the middle of the distance between buildings. The point marked with
an asterisk is at a distance of 45 mm both from the buildings located horizontally
(bottom of the Fig. 4) and vertically (left side of the Fig. 4). The pressure measure-
ment was performed at least 8 times at each point, so that the arithmetic mean could
be determined. The standard deviation of the pressure measurements for individual
points is enclosed within the range: o € (0;0.8) Pa. Examples of the results of
pressure measurements at points (distributed along the line indicated in Fig. 4) and
with marked 95% confidence intervals are shown in Fig. 5. Errors were estimated
according to the methods described in [26].

Calculated 95% confidence intervals
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Fig. 5. The pressure measurements at points with 95% confidence
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4. Calculation model

4.1. Geometry of numerical domain

The computational domain is presented in Fig. 6. The height of the domain
is 0.625 m. It is suggested [15] that this dimension should be at least 5 times
higher than the highest building 4; (in this case A, = 0.045 m). For urban areas
with multiple buildings, the lateral boundaries of the computational domain can
be placed about 5 height of the tallest building to that part of the built area which
surrounds the region of interest [5, 27]. In the case under consideration, the size
of the domain on the lateral direction is equal to 1.25 m and satisfies the condition
described above, but it is larger than the size of the wind tunnel in that direction.
This can cause some change in the flow and have a little effect on the results. The
other dimensions meet the criteria presented in literature [5, 15, 21, 27].

B=1.25m
I=0.6m
h=0.2m
02=04m

Fig. 6. Model of numerical domain

According to the tests conducted in [25], a structured grid was used. There were
0.005 m = 1/9h, long cells in the high-density zone (space size b x [, Fig 7). It was
verified that this mesh size for the test speed allows for obtaining the dimensionless
ratio of the wall distance y, € (15;60) [15, 22, 28]. This parameter is significant in
the boundary layer theory. Near the walls, volume of the cells should be of such a
size that non-dimensional wall distance from their centroids satisfies the condition
15 < y4+ <~ 300. However, a more restricted rule, y, € (30, 60), is recommended.
Outside this boundary, the finite volumes grow with the coefficient of 1.2 in each
direction, as it is proposed in [27]. Fig. 7. presents the distribution of the finite
volumes mesh. The whole mesh consists of roughly 2.5 million elements.
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Fig. 7. Close-up of the computational grid, cross-section in a plane XY

The distance between the inlet boundary and elements disturbing airflow must
be large enough. Otherwise, the inflow boundary conditions can be strongly in-
homogeneous. On the other hand, long distance can prove to change the inflow
parameters close to buildings, which results in a mismatch between computational
and experimental conditions of the airflow. This distance was set to be 114, as it
is mentioned in [11].

The model was rotated about 90 degrees for the second wind direction and
then a new grid was created in a similar manner to the previous case.

The velocity, turbulent kinetic energy and dissipation rate inlet profiles were
used (Fig. 8). They were prepared with velocity magnitude and velocity fluctuation
measured and interpolated. Evolution of the velocity profile in the area before
buildings was observed as [10] suggests. Results of experiment and of numerical
simulation coincided well.
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Fig. 8. Profiles of the turbulent kinetic energy and dissipation rate used for calculation after
interpolation
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The turbulent kinetic energy was obtained from:

1 3,
k= E(ulz) = Eunz (5)
where u,, is standard deviation of the speed. The dissipation rate is given by

3/2

€= cg/‘*ﬂ (6)
KZ

where z is the distance between the definition point and wall, C, is a model constant
(= 0.09) and « is the Karman constant (= 0.4).

Fluids pressure and velocity at the outflow of the computational area are usually
unknown. In models of flow around bodies, there should be an appropriate distance
between this boundary and the last body (here approximately 30/,), just to avoid
the impact of wake effects on airflow.

4.2. Numerical calculation

The simulation was performed using the FLUENT 15.0. software. Wall condi-
tion was given on surfaces of the buildings and the computational domain bound-
aries. The condition type no slip was applied on surfaces of the buildings and
on the lower plane of computational domain while specified shear condition was
assumed on the top surface and site walls (all components of shear stress were
equal 0).

The incompressible model of flow with a constant density and kinematic vis-
cosity was applied to calculations. According to the recommendations contained
in [5, 28], the following settings were adopted. Steady air flow was applied, which
is a common method for modelling airflow around buildings. In practice, URANS
model (Unsteady RANS) is rarely used because it is time-consuming and be-
cause the results are worse than those obtained from equally time-consuming LES
model [3]). The pressure based solver of double precision and the standard method
(which is, by default, recommended in Fluent [30]) to interpolate the pressure was
used.

SIMPLE algorithm, which is based on the segregated method, was applied to
calculations. Two models of turbulence were adopted:

a. k-e realizable model (RKE)

This is a modification of one of the most popular turbulence models in
the RANS group (average Reynolds time was used). k- models are based
on Bousinessqu hypothesis, which assumes that the Reynolds stresses are
proportional to the speed of deformation. According to the standard k-¢
model, the way the equations define the turbulent dissipation rate and
the turbulence viscosity are the most significant differences. The exact
description of both methods can be easily found in the literature, e.g.
[8, 16, 17, 22, 25, 28].
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b. Reynolds Stress Model RSM

This is the most elaborate turbulence model that FLUENT provides.
Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the
Reynolds-averaged Navier-Stokes equations by solving transport equations
for the Reynolds stresses (6 components), together with an equation for the
dissipation rate. This means that seven additional transport equations must
be solved in 3D, what makes this model 2 times more numerically expen-
sive than the 2-equation RKE model. This method is fully described in
[24, 28].

RSM is still being developed and convergence problems might appear while
using it. On the other hand, it models a greater variety of phenomena in a greater
detail and can be more suitable for complex problems, which contain secondary
flow, large zones of detachment, highly swirling flows. According to that fact, as
well as to having large enough computing power, the authors decided to test this
model of turbulence. Additionally, results included in [11] showed that it is possible
to get a better convergence with the experiment than using a k-¢ realizable model.
It needs to be highlighted that tests presented in this article were provided for
relatively simple geometry.

In general, high Reynolds number flows are simulated realistically by turbu-
lence models, as viscous stresses (related to the molecular viscosity) are small in
comparison to Reynolds stresses. Close to the walls, Reynolds number decreases,
while viscous stresses increase. Thus, other way of turbulence simulation must be
introduced. The standard wall function was chosen according to the rules found
in [22, 28, 29]. This model lets cells close to buildings be larger, which reduces
calculation time.

In this case, a linear pressure—strain model without wall reflection effects was
used to calculation. The Reynolds stress component was obtained from the turbulent
kinetic energy k. Isotropy of the turbulence was assumed in the same way as in
[30].

Second-order upwind method was selected for discretization of momentum
and other transport equations for RKE and RSM models. The convergence of
both solutions (RKE and RSM) was monitored by the observation of the residuals
values. The continuity equation for which achieved the convergence 4 - 10™* was
decisive for the solution. Residuals values for velocity oscillated around 107.

5. Comparison of pressure and velocity for two models of turbulence

Velocity, streamlines and pressure measured in experiments and computed in
simulations are compared in this chapter. In the case of velocity and streamlines,
west wind for the geometry described in section 2 is analysed, while the comparison
of pressure is presented for west and north direction of the wind. These two
directions of wind occur most frequently in Poland.
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5.1. Comparison of the images of oil visualisation and sand erosion with
velocity maps obtained from calculations

Contour maps (Fig. 9a,b) present coefficient of the wind amplification for two
turbulence models — RKE, RSM and were measured using sand erosion (Fig. 10b).
The value of 5.7 m/s was taken as the speed at the ground for air flow without
a building. This measurement result was obtained at the height of 2.5 mm and
was made during the test of the velocity profile development. Additionally, there
is a map of oil visualisation, in which vortex structures and direction of the flow
(Fig. 10a) are represented.

Experimental methods generate results similar in nature to the numerical sim-
ulations. Both of the turbulence models correctly represent small recirculation

wsp: 0 02 04 06 08 1 12 14 wsp. 0 02 04 06 08 1 12 14

Fig. 9. Contour map of wind amplification factor with streamlines using RKE (a) and RSM (b)
turbulence model

Fig. 10. Oil visualization (a) vs. sand erosion (b), west wind
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eddies behind buildings E, G, and H. On the other hand, the bigger ones, followed
by building A, cover too large an area. This fact may be due to the problems of
k-e models that have a tendency to overestimate kinetic energy of turbulence [22],
which results in differences of size and location of vortexes compared to experi-
ments. However, using RSM did not improve this significantly. The composition
of vortices and streamlines are not the same behind the analysed quarter for two
turbulence models. It is difficult to judge which one is more appropriate, as this
is a strongly turbulised region of a complex flow. A wide area of stagnation is the
only thing which can be noticed looking at this region on oil visualisation and sand
erosion.

Both models simulate a correct direction of the flow, including reversed flow
between buildings B-C, C-D and in the central part of the quarter. As it was
mentioned in [21], the amplification factor of the wind should not be compared
quantitatively between buildings. Numerical simulation has a tendency to under-
state values and reduce the number of areas of intensified flow. The effect of wind
nozzle between buildings A and H is modelled properly using both models of
turbulence. On the other hand, they do not show a zone of accelerated flow in front
of building D. The range of the amplification factor is similar both in the case of
numerical simulation and experiment and is equals about 1.4.

5.2. Comparison of the pressure

The following maps (Fig. 11 — west-side airflow and Fig. 13 — north-side
airflow) present pressure distribution in the analysed urban setting. The lines sym-
bolise places, where the measurements in the wind tunnel were conducted while
arrows show the end of each measuring line.

Fig. 11. Contour map of the pressure, west wind, RKE (a) vs. RSM (b) model

At the beginning of the analysis of pressure coefficient diagrams (Fig. 12),
it should be noticed that both models reproduce experimental results in a highly
accurate manner. There are some areas where the RKE model works better (e.g.
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Fig. 12. Diagrams of the pressure coefficient along the paths (lines 1- 6), west wind

second part of line 1, line 4). On the other hand, the RSM model seems to be
more precise at line 5 or the centre of line 6. Pressure coefficients obtained using
RSM model are slightly higher than the RKE model’s ones. The most significant
differences between experiments and numerical simulation appear in the area of
strong vortices and air turbulence. It is visible at the borders of line 4. Pressure
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coeflicient values are lower by 0.1-0.2 compare to the ones measured here. There
is a recirculation vortex at the place just behind the building A. As it was explained
in the previous chapter, turbulence models show a tendency to overestimate the
level of the kinetic energy of turbulence. This leads to an increase in the area
of the vortex, where the pressure is reduced. The beginning of line 1 is another
discrepancy in results. There is a reflection of the wind stream which connects to
other flows around other buildings.

As it was mentioned above, Fig. 13 shows a distribution of pressure for north-
side wind inflow and the test lines placed on the map.

Fig. 13. Contour map of the pressure, north wind, RKE (a) vs. RSM (b) model

The values of the pressure coefficient derived from numerical simulation match
the ones measured (Fig. 14). In contrast to the previous configuration, the calculated
pressure coefficient is mainly overestimated now. Again, there are no proof that
using RSM makes the results more accurate.

6. Summary and conclusions

The analysis describes a complex air flow around a group of buildings. Using a
variety of methods of experimental fluid mechanics, such as pressure measurement,
sand erosion and oil visualization, an urban quarter with two modifications was
examined. The latest trends in the field of CWE presented for example in articles
[10, 12, 16], were used while creating numerical simulations. Not only was the
airflow around buildings described, which is helpful from architects’ point of
view, but also the usefulness of the RSM model of turbulence was tested. The
experimental results obtained, supplemented by numerical calculations gave a full
picture of the phenomena occurring in the tested configurations of buildings and
allowed for exact interpretation. Summing up all data, the following conclusions
can be drawn:

* Turbulence models (k-¢ realizable and Reynolds Stress Model), which are

used for studying the phenomena of the air flow around buildings describe
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Fig. 14. Diagrams of the pressure coefficient along the paths (lines 1-6), north wind

them properly but are not their accurate representation. In general, the results
correspond to the experimental data, while little differences will be getting
smaller with the further development of the CFD technique.

* Two turbulence models were analysed. There was no reason for using a more
complex method, namely the seven equation model RSM (Reynolds Stress
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Model). The time needed for calculation using RSM model was almost twice
as long as that required for the popular model k-¢ realizable and the results
were not more accurate. In [11], it was mentioned that RSM gives more
accurate results when analysing simple airflow around the block. For a more
complicated geometry, the results were not improved by using RMS model.
* The bigger differences in the values of pressure coefficient obtained were
noticeable in the areas of strong vortex. This exposes current problems of
turbulence modelling, as RANS models seem to work worse in such cases.

The study also allowed for some observations of the selection of the optimal
configuration of settlement.

(1]

(2]

(3]

(4]

(5]

(6]

* In the analysed situation, the introduction of an opening brings positive
results. It does not lead to a significant acceleration of the air flow in the
vicinity, but significantly reduces the size of areas of stagnation in the court-
yard, which in turn improves local ventilation.

* The differences for studied configurations (the C-shaped building with open-
ing, which is presented in this article and the C-shaped building as a solid
block discussed in [26]) are not big and the changes occur only in the lo-
cal area. The final choice of an appropriate method should be supported by
economic factors, land development conditions, aesthetics, functionality etc.

Manuscript received by Editorial Board, July 15, 2016;
final version, July 05, 2017.
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