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Abstract

The wind-induced pressure loads are affected by a broad spectrum of elements involving
flow conditions, buildings geometry, or neighbourhoods. Computational fluid dynamics is
a useful device used to estimate pressure distribution. The aim of this research is a detailed
assessment of the use of numerical calculation (RANS) for forecasting wind-induced pres-
sure loads on buildings arranged in tandem located in the built-up area. The approach of
this work was to determine the pressure loads on the walls of rectangular objects, which
were the simplified models of buildings located in the ground-level zone. The important
task was to estimate the impact of distance between obstacles on the pressure loads on
their surfaces. It was found that when changing the distance between buildings the pres-
sure distribution on the downstream object varies significantly. Additionally, for defined
geometrical parameters, the influence of inflow angle was analysed. The obtained results
demonstrate and confirm that RANS numerical calculations, in spite of all their limits, can
accurately modeling the pressure distribution on buildings.

Keywords CFD modeling - Building aerodynamics - Wind pressure loads - Urban street
canyon - Verification and validation

1 Introduction

From the engineering applications point of view the proper information about pressure dis-
tributions is important to estimate wind pressure loads on buildings [1, 2]. Owing to the
fact that flow around buildings may reach considerable level of complexity, optimum build-
ing designs which avoid formation zones are important. That is why, the aim of optimum
buildings designing and their location is to avoid formation zones in which the fluid acts
extremely different. In view of flow complexity around buildings and presence of random
vortices, there occur unsteady load on building walls. Hence it may have an impact on a
safety level in the region around buildings. The pressure distributions on walls are changed
due to a number of factors: geometry, an arrangement of buildings, inflow conditions and

P4 Renata Gnatowska
gnatowska@imc.pcz.pl

Faculty of Mechanical Engineering and Computer Science, Czestochowa University
of Technology, Al. Armii Krajowej 21, 42-200 Czestochowa, Poland

@ Springer


http://orcid.org/0000-0002-8208-2120
http://crossmark.crossref.org/dialog/?doi=10.1007/s10652-018-9646-0&domain=pdf

700 Environmental Fluid Mechanics (2019) 19:699-718

also wind flow direction [3—6]. Blocken et al. [3] and Moryi-Kucharczyk and Gnatowska
[7] analysed numerically mean flow conditions and pressures, i.e. connected with environ-
mental issues (pedestrian-level wind, wind comfort, pollutant dispersion and ventilation).
This paper has reviewed some comparative studies that systematically indicate that the low-
cost wind-tunnel techniques and steady RANS simulations can provide accurate results.
The region between modelled obstacles, so-called urban canopy layer, was experimentally
investigated in [4, 8]. The effect of a large group of surrounding buildings on wind pres-
sures on a typical low-rise building have been investigated by Kim et al. [5]. These wind-
tunnel experiments have shown that slightly different geometries of street canyon (due
to differences in building shapes) can produce dramatically different flow dynamics. The
pressure distributions on buildings walls can be made according to different approaches:
full- and model-scale experiments and computational fluid dynamics (CFD) researches.
Each approach is characterised by some benefits and disadvantages. The major benefit of
the full-scale measurements is that the real conditions with the full complexity of wind
environment can be analysed [9]. However, the small amount of tests is carried in a full-
scale measurements due to the high costs of such research. The differences between the
full- and model-scale experiments are explained in work [10]. In this research, the pressure
distribution on the objects’ surfaces was analysed. The results indicated that there is a high
under-pressure on the building’s roof. Authors in their literature review show observed
notable discrepancies between the full-scale measurement results and the corresponding
model test results and try to explain the causes of the problems with the traditional ABL
wind tunnel simulation technique.

The advantages of wind tunnel experiments are that the parameters of boundary layer
conditions can be controlled and obtained results are repeatable [11-13]. Additionally,
measurements in the wind tunnel are usually carried out only for the restricted set of points
[3]. On the other hand, CFD calculations provide data about complete flow area, i.e. the
significant parameters in entire computational domain [3, 14-18]. An important advantage
of numerical calculations is that it can be carried at the real scale (opposite are wind-tunnel
experiments). Computational simulations allow for realization of researches aimed at eval-
uating of alternative building configurations [19]. Examples of computational calculations
regarding the air flow in atmospheric boundary layer concern pedestrian-wind-level envi-
ronment, wind comfort and pedestrians safety in urban areas [20-22] and natural ventila-
tion in buildings [1, 19, 23]. In the past, CFD was applied to estimate mean pressure distri-
butions on building walls. The most of these studies were concentrated on relatively simple
shapes and surfaces [3, 24, 25]. Presented review of literature suggests that the phenomena
of flow around buildings are complex, conditioned by the influence of many factors. The
example result, the visualization studies of Mochida et al. [16, 26], which was carried the
analysis of flow around a single object and group of obstacles, was shown in Fig. 1. How-
ever, a turbulent flow characteristic remains difficult to be described. Based on the litera-
ture review related to environmental flows, the Reynolds Averaged Navier—Stokes (RANS)
modelling approaches is the most commonly used method [21, 27-33]. The choice of these
methods for industrial applications, and in particular the k—e family models, results from
the relatively short computing time and low hardware cost.

The limitations of these models, when simulating the flow of buildings are of
course known, which include over-predicting of the reattachment lengths on the roof
and behind the building [34] or modelling of turbulence fields around buildings [35].
URANS (Unsteady Reynolds Averaged Naiver—Stokes) models, which enable calcula-
tion of periodical phenomena, allow for better representation of flow physics. It was
shown, amongst others, by Tominaga [36] for a benchmark case of a flow around an
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Fig. 1 The flow around buildings
in tandem arrangement [16]

isolated building. However, even with the latter method the velocity distribution behind
the building still overestimated the flow separation at the building corners. The high
fidelity modelling approach, called large eddy simulation (LES), is generally believed to
be capable of providing better performance than the RANS modeling approaches. How-
ever, it requires much higher expenses of computational time and resources. The perfor-
mance comparisons between LES and RANS for the flow around a single building was
reported by Huang et al. [37] and Tominaga et al. [32, 38]. It has been shown that LES
allows for a more accurate prediction and better agreement with the experiment of the
wind velocity distribution at the roof and in the wake region. However, still the uncer-
tainty associated with this turbulence modeling approach was relatively high. Gousseau
et al. [39] made a quantified validation study of the influence of inlet method and grid
resolution for LES modeling of the wind flow around an isolated high rise building. It
was shown that LES was more expensive than RANS in terms of finer grids and com-
puting time requirements. So, the LES method is still considered out of reach for practi-
cal studies in actual urban environments [21]. A hybrid URANS/LES approach, called
the detached eddy simulation (DES) method, was proposed to alleviate these computa-
tional problems. It was used for the analysis of the flow field in backward facing step
and a configuration flat plate and the wind-induced ventilation of a building. In recent
years, more studies with DES have been conducted in wind flow around blocks. Lateb
et al. [40, 41] presented a case of pollutant dispersion from a roof top stack, and indi-
cated that the DES results of the wind flow and dispersion fields are in better agreement
with the wind tunnel experiments than RANS. Haupt et al. [42] estimated the surface
pressure coefficients of a cube and showed that DES could produce high fidelity simu-
lations at a high Reynolds number (4 x 10°) flow condition. Paik et al. [43] simulated
the flow pattern of two cubes by DES and the URANS and it was found that URANS
failed to capture the key features of the mean flow, such as the horseshoe vortex in the
upstream junction and recirculating flow on the cube top surface, especially it underesti-
mated significant turbulence statistics in most flow regions. Nevertheless, it is expected
that the increase in computing power and speed together with the intrinsically superior
potential of LES and DES will render it increasingly more attractive in the years to
come. But from recent studies, the RANS has a fairly high accuracy in predicting the
mean flow field [14, 21, 35, 44—46], which in many cases may be sufficient.
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As it is commonly known the RANS approaches are much cheaper than LES simula-
tions. Industry usually expects to get the results of simulations in a rather short period
of time and hence, in such a case the RANS approach seems to be more preferable. For
instance the study presented by Liibcke et al. [47] showed that LES is approximately 20
times more computationally expensive than RANS. This observation in also confirmed by
work of Hayati et al. [48] which showed that LES approach is at least 120 times more
expensive than RANS event thought the LES simulations were performed using 480 CPUs,
while the RANS computations were conducted using 4 cores. In the work presented by
Rodi [49] the large increase in computing time when switching from RANS to LES (even
about 36 times) was also reported. Hence, it seems that the cost of LES is still too high for
practical engineering computations and therefore in the present work the RANS method
was adopted.

Due to the complex nature of the problem and the lack of reliable data on unsteady
wind-induced pressure loads on buildings the purpose of the present paper is aimed at
providing a more detailed insight into that issue. In the present work, the detailed studies
in wind tunnels and analysis with numerical methods are carried out. Interaction between
buildings and the flow results in increase in flow turbulence and generation of vortices in
the wake behind the objects. To capture those effects the unsteady modelling method was
utilised [28]. The geometry of computational domain was taken equal to the wind tunnel
chamber. Therefore, this paper presents systematic and detail CFD calculations of steady
and unsteady RANS for predicting pressure distributions on building walls. The aim of
this research is to determine the influence of the distance between buildings in a tandem
arrangement on the wind-induced pressure loads on their walls. In this paper, a funda-
mental study using the Reynolds-averaged Navier—Stokes (RANS and URANS method)
approach of computational fluid dynamics (CFD) simulations has been carried out to study
the effect of different flow angles of attack (AOA) on the wind load on buildings in tandem
arrangement. Analysis was performed at 0°, 15°, 30°, and 60° AOA for different distances
S/B. The results of the present study were validated with wind-tunnel measurements real-
ized in previous works [50, 51].

2 The wind tunnel experiments

The tunnel measurement of pressure distributions on the walls of a medium height model
of building was conducted by [50, 51]. The open-circuit wind tunnel is located in Environ-
mental Aerodynamics Laboratory in Czestochowa University of Technology. The experi-
mental set-up is presented in Fig. 2. The analysed configuration of building models was
located within a ground boundary layer generated by the facility output from the contrac-
tion nozzle of a cross section of 400 X 400 mm. The test section of the wind tunnel is
4 m long, and the measurements were performed in the central part of the tunnel. The
boundary layer was generated by a regular set of cubes on the bottom surface of the wind
tunnel chamber. The vertical mean wind flow velocity profile at the position of the model
of building (but without it) is represented by a power law wind velocity profile with expo-
nent @=0.16. Profiles of a mean and turbulent component of velocity were measured at
the location of the building (but without building model present), so they present the inci-
dent flow conditions. These inflow conditions are important for CFD simulation accuracy
[27]. The wind velocity measured at building height Uy, was equal to 7.1 m/s, and at the
height of pedestrian level U, was equal to 4 m/s. Figure 2 shows the relationship between
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Fig.2 Geometry of building models used in the investigation

geometrical parameters of both objects and the coordinate system used in the work. The
value § is the distance between the investigated elements. For whole research, the range
of this parameter is changed in the range of S/B=1.5-2.5 with increment 0.5. Please note
that only one case (S/B=1.5) was analyzed by using wind tunnel experiment. The value
B=0.04 m is length of objects edge, and H, and H, are the heights of buildings. The
ratio of these parameters is in relationship H,/H,=0.6, and it is constant. Sizes of objects
(roughness) located at the tunnel chamber bottom before the test section are h=b=B/6.
Total cross-section area of the object was 1.2% of calculation domain. Each research object
had 9 measuring points with a diameter of 0.025B These points were placed on two oppo-
site walls, in horizontal lines placed at 0.925H, at each wall. The distance between the
points was 0.1B. The pressures were measured along these lines on all facades. The meas-
urements were performed with a pressure transducers type DCOOINDRS Honeywell.
According to scheme in Fig. 2. The angle of attack (AOA) is the angle between the refer-
ence line perpendicular to windward wall and the incoming flow, the analysis was per-
formed for AOA from 0° to 60°.

3 The computational simulation CFD

The lengths and height of the computational domain were chosen based on the best practice
guidelines presented in the literature [28, 52] and details are described also in author’s arti-
cle [26]. The parameters of the computational domain are: height—6.25H, length—16.7H
and width—5H. In this study, a structured grid with 191 X 85 X 69 resolution (fine grid)
was used. The mesh is no uniform in each three coordinate directions. The grid is concen-
trated near the building model and mesh density is increased with an aspect ratio of 1.2.
The first cell adjacent to the wall has been set with respect to the criteria required for the
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individual near-wall treatment. Hence, using a two-layer approach, the width of the near-
wall cell has been 0.003H,, which corresponds to 1 <y+ <3, over a previously performed
calculations for grid generation [26]. The detail of computational grid is shown in Fig. 3.

The ANSYS Fluent v.17.2 was used to execute the numerical calculations. Three-dimen-
sional URANS governing equations were modelled with the RNG k—¢ turbulence model,
which was solved using the finite volume method and the SIMPLE algorithm as solution
procedure. The pressure interpolation was second order and second-order discretisation
schemes were used for both the convection terms and the viscous terms of the governing
equations. Convergence was assumed to be obtained when all the scaled residuals levelled
off and reached a minimum of 1076 for x, y and z-velocity, and 10~* for k—epsilon and con-
tinuity equation [26]. The influence of the mesh density on accuracy of calculations was
estimated on the basis of distribution of the longitudinal component of static pressure on
the line y/B=0.5 (Fig. 4). Normalised time step At*=At Uy/B was chosen as 0.15. Where
U, is the free stream velocity and At is the length of the time step estimated from the domi-
nant frequency in the flow, representing ~ 1% value of one period of vortex shedding [26].

A grid-sensitivity analysis with four different numbers of cells was performed. The
coarse mesh (129 x 57 X 55) is not able to capture the features of the phenomena. Increas-
ing cells number to higher resolution (159 X 71 X 56) provided slightly better results. Fur-
ther increase in mesh resolution of hexahedral cells (191 X 85 X 69) allowed to obtain even
more accurate results. However, an even further increase in the number of cells did not
lead to improvement of model accuracy. A small difference in the last stages of compaction
indicates that the increase in nodes quantity does not have any influence on the calculation.
So, the optimal density grid was 191 x 85 X 69. The boundary condition “velocity inlet”
was used to the implementation of the mean velocity profile, the turbulent kinetic energy
and its dissipation energy, which were based on the measured incident vertical profiles of
mean U and fluctuation u,,,,; velocity components. The following boundary conditions from
wind tunnel were implemented within the UDF function (User Defined Function):

e the mean velocity profile, empirical power-law,

Fig. 3 Detail of computational
grid at buildings surfaces and
ground surface
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Fig.4 Boundary conditions at -12
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the turbulent kinetic energy profile, derived from experimental results,
the dissipation energy, according to equations given by [28],

e(2) =

where x is von Karman constant
velocity ~0.04U.

w/k -z (1)
equals to k =041, &(z) = ui/K -z is friction

The standard wall function by Launder and Spalding [33] is applied to the bottom sur-
face. Condition “pressure outlet” ensures steady distribution of pressure at the outflow.
At the top and lateral walls of the computational domain, the symmetry conditions were
applied. They were chosen according to the recommendations compiled in the COST
Action 732 after Franke et al. [27] and comply with Tominaga et al. [28]. The inlet bound-
ary profiles are shown in Fig. 5. This illustration shows relationship between the mean
wind velocity profiles measured experimentally in wind tunnel (“square” curve) and
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obtained empirically from power-law (black curve). In addition Fig. 5 presents the distri-
bution of experimental fluctuation of mean velocity (u,,,,). The fluctuation velpcity can be
used to calculate the turbulent kinetic energy (TKE), using formula u,ms=\/2/3k. Addi-
tional boundary conditions are:

Inlet—power-law based on wind tunnel experiment

Outlet—pressure outlet

Ground and building surface—smooth wall using log-law wall function
Top and lateral sides—symmetry boundary condition.

4 Numerical results of pressure loads on buildings in tandem
arrangement

Pressure distribution on building walls strictly depends on the velocity distribution. When
airflow acts on buildings a number of characteristic zones are created on walls and in the
surrounding region what is manifested by vortices formation and local acceleration [53].

The large air masses results in strong flow circulation region in the area between build-
ings, which determines flow structure between them. This situation is presented in Fig. 6,
which shows the result of numerical modeling of velocity field as distribution of x-compo-
nent of mean velocity reduced by U, (U/U,, [-]). When increasing S/B from 1.5 to 2.5 the
impact of the windward object on the gap between buildings becomes more evident. Between
the objects, the fluid flows from the top of the windward building along the leading wall of
higher building and supplies local vortex, which causes acceleration in pedestrian level—see
Fig. 7 (left column) presenting contours of the x-velocity component U with streamlines in
symmetry plane for all configurations. From both sides of buildings, fluid reaches the veloc-
ity twice as high as in the case of the flow without buildings in their location. Discussed
velocity distribution has its reflection in the pressure distribution on the walls—see Fig. 7
(right column) presenting contours of the pressure coefficient C,, defined as:

¢, = (p—po)/(%pUz) )
where p is the pressure at the wall, p, is the reference static pressure, p is the air density
and U is the reference wind velocity in undisturbed flow.

As can be seen from Fig. 7 there are higher values of C, on the windward wall of the
first building than on the windward wall of the second one. It is caused by incoming air
with undisturbed velocity field on the roofs of the both building behind the leading edge,
there are under pressure zone. In those regions the air separation from the leading edges
can be observed. The distance does not have any influence on the pressure distribution of
the windward building because the shift of the second object doesn’t cause the changes of
velocity in front of the first one. Increase of distance S/B causes growth in overpressure on
the windward wall of the leeward object. It is caused by the smaller influence of the wind-
ward building on the velocity field of fluid incoming on the leeward object and gradual
equalization of velocity field disturbed by the first object.

Figure 8 shows a comparison of the experimental pressure coefficient C, obtained using
a HW probe, with the same numerical data on the line z/H;=0.925 on the buildings walls
(windward, leeward, left and right). The analysis was conducted only for S/B=1.5 because
for that case the measurements were made.
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Fig.6 The contour of normalised velocity field U/U,, [-] for different planes z/B and distances between
objects S/B

In general the simulation results well match the experimental data some discrepan-
cies, however, can be observed on the side surfaces of the 1st building and on the front
wall of the 2nd one. Probably the flow acceleration on the side walls of buildings’ mod-
els in the wind-tunnel caused the underestimation of C,. The discrepancies between
the simulation and the experimental results on the front wall of the 2nd object may be
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Fig.7 Contour diagrams of the x-component mean velocity U [m/s] with streamlines in symmetry plane
(left column) and the pressure coefficient C, [-] (right column) obtained by CFD simulation (time aver-
aged) for distances between objects arranged in tandem: a,d S/B = 1.5;b, e S/B=2.0;¢c,fS/B=2.5

caused due to the presence of recirculation region in the gap between prisms where the
flow is unstable. Despite these discrepancies one may ascertain that the RANS model
is sufficient enough to predict the flow behaviour in the given objects’ configuration.
Worthy of note is negative value of C,, on the leeward wall of the 1st object (C,~ —0.22
across the width of the object). On the windward wall of second object C, is positive
what means that there is an overpressure (higher on the front wall of the front building
than on the front wall of the 2nd building). This is due to the 2nd object is immersed in
the aerodynamic wake of the Ist one. For the leeward surface of the second object the
pressure distribution is constant (approximately C,~ —0.18). For the side walls of the
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Fig.8 Comparison of pressure coefficient (C, [~]), for parameter S/B = 1.5, obtained by CFD simulation
(time averaged) results and wind-tunnel experiments along measuring line on a windward and leeward
walls of 1-building; b side walls of 1-building; ¢ windward and leeward walls of 2-building; d side walls of
2-building

Lst building the gradual increase of pressure was observed, from the value C, — 0.6 to
— 0.3 For the opposite wall the distribution of C, was symmetrical—in CFD calcula-
tions and wind tunnel experiment.

Even more interesting is when the flow field changes are observed in time. To do so the
unsteady RANS (URANS) simulations were conducted. The impact of velocity fluctua-
tions on changing the building load is noticeable. To analyse variation of pressure range,
Cp for subsequent moments were set, for successive moments of time for Ar=7/4, where T
is the oscillation period of the velocity field. The impact of velocity fluctuations on chang-
ing the building load is noticeable. Wake created behind the 1st building, in which the
oscillation changes of velocity occur, results in the change of C,, on the front wall of the
second building.

Due to the complex nature of the problem and lack of reliable data or analytical pro-
cedures for predicting the wind load effect it seems reasonable to extend the result sec-
tion with additional data obtained for different wind directions. The significance of this
parameter is evidenced, for example, by the results obtained by Yamartino and Wiegand
[54], who stated that the angle of attack (AOA) was found to influence the formation of a
mean recirculating flow in the street canyon. In order to analyse the influence of AOA on
the pressure load of the building, additional numerical calculations were carried out for
the selected configuration of objects with the distance between objects S/B=1.5 and for
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Fig.9 Top view on pressure distribution at ground level between buildings in tandem arrangement for dis-
tance between them S/B = 1.5 for different inflow wind direction a AOA = 0 deg; b AOA = 15 deg; ¢ AOA
=30 deg; d AOA = 60 deg

the three flow angels of attack changing from 15° to 60°. Figure 9 presents top view on
pressure distribution at ground level between buildings for consecutive cases. A contour
presented in this figure indicates that wind-induced pressure loads vary significantly with
changing wind direction.

For AOA=0° (Fig. 9a) the isolines of constant Cp are distributed uniformly on both
side of buildings arrangement), as expected. Further, the figures from Fig. 9b to 9d reveal
that the flow structure in the surrounding of objects loses symmetry for flow angles dif-
ferent from 0° AOA. As can be seen, already an increase in AOA from 0° to 15° is suf-
ficient for the downstream object to be released from the aerodynamic wake produced
by the upstream one what is manifested by presence of positive C,, values (solid lines)
in the closest vicinity of the side wall of the second building. When AOA reaches 30°
the negative values of C, (dashed lines) appear near the upstream wall of second build-
ing but closer to the left corner. Increasing in AOA to 60° causes a shift of the negative
C, towards the right corner of the upstream wall of the second building. In this case the
negative C, is also observed in the region of near the upstream wall of the first building,
however closer to the left corner. The further increase in AOA would lead to the situation
when both objects are located side by side with respect to the flow, and such situation well
were described in number of previous works [55-57]. It can be concluded that the flow
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Fig. 10 The 3D view on pressure coefficient C, [—] distribution at ground level between buildings in tan-
dem arrangement for distance between them S/B = 1.5 for different inflow wind direction a AOA = 0 deg; b
AOA = 15 deg; ¢ AOA =30 deg; d AOA = 60 deg

pattern varies drastically as the angle of inflow increase, which must consequently affect
the pressure loads of objects. This is seen in Fig. 10, which presents 3D view of pressure
coefficient C,, distribution on buildings with increasing AOA for S/B=1.5. For AOA=0°
(Fig. 10a) the isolines of constant C, on building surfaces are distributed symmetrically
and characteristic regions like separation regions on windward walls and separation of the
flow on the edge of the building roof and recirculation and reattachment of the flow in the
wake of the buildings are visible. Such a structure of flow and pressure distribution are
mainly due to combination of interference between objects and downwash effect of wind
[30]. The increase AOA to 15° caused a deviation of the C, contours from the symmetry
towards the inflow side (the right corner of the upstream walls of both buildings). When
AOA reaches 30°, the pressure is distributed almost uniformly on both walls sharing the
right upstream edge (for both buildings). For inflow angle AOA=60° the opposite situa-
tion occurs, namely, the higher pressure acts on the side instead of front walls. The analysis
shows that the inflow angle has a significant impact on the local loading on the buildings
walls, which, in particular with a short distance between them, results from the deviation of
the wake of the upstream building and weakening of the downwash effect.

Figure 11 shows the instantaneous distribution of mean wind pressure coefficient C, [-]

P
on objects’ walls and ground level for different distances between buildings and different
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Fig. 11 Time evolution of the pressure coefficient C,, [—] distribution on objects walls and ground level for
different distances between objects arranged in tandem: in range from S/B = 1.5to S/B =2.5

moments in normalised time #/T (where T is the oscillation period of the velocity field). The
most remarkable wind-induced pressure loads on buildings were observed on the wind-
ward wall of the second object. With increasing S/B variation in C,, is more pronounced.
The biggest changes concern especially the windward wall of the 2nd building. As a
results of observation time pressure changes for configuration S/B=1.5 in time #7=0,
the area of overpressure on the windward wall in 2nd building is not symmetric and takes
larger area on the one side of object. In the next time step (#/7'=0.25) the pressure distribu-
tion in that part is first stable and then in time #/T=0.5 occupies larger area on the other
side. Similar situation takes place as a result of objects distancing, but fluctuations on the
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windward wall are visible. For the configuration of S/B=2.5 and #/T=0 the under-pressure
affects one side of building, later its distribution is symmetric, and then it “moves” to the
opposite part. The pressure change takes place only for element being in wake. Fluctua-
tions do not apply to windward building, what is connected with unaffected flow structure
acting on it. For that object, the varying nature of flow in the time does not cause variation
in pressure range for all configurations.

The most significant changes are observed at the height under H,. Figure 12, presents
the instantaneous distribution of mean wind pressure coefficient C, [-] at objects’ walls
and at the plane z/H; =0.925.

This figure includes analysis of the pressure distribution in the area around the building
(i.e. not at the building facade). Moreover, these results confirmed that fluctuations of an
incoming wind play an important role in determining wind pressure distributions around
buildings. For better interpretation of previous observations Fig. 13 shows the variation

S/B=1.5 S/B=2.0 S/B=25

/T=0

t/T=0.25

-1 -06-02 02 0.6 1 -1 -06-02 02 06 1 -1 -06-02 02 06 1

/T=0.5

-1 -06-02 02 06 1 -1 -0.6-0.2 0.2 0. -1 -06-02 02 06 1

t/T=0.75

-1.-06-02 02 06 1 -1-06-0202 06 1 -1.-06-02 02 06 1

Fig. 12 Time evolution of the pressure coefficient C, [-] distribution at the plane z/H; = 0.925 and on
objects walls for different distances between objects arranged in tandem in range from S/B = 1.5 to S/B =
2.5
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Fig. 13 Time-evolution of surface pressure coefficient Cp [-] on the front site of the windward and leeward
buildings at the line z/H = 0.925 for configurations: a S/B = 1.5;b S/B =2.0; ¢ S/B =2.5

of the pressure coefficient C, at line z/H, =0.925 different spacing S/B. As can be seen the
variation of C, increases with increasing spacing S/B and the most evident changes in C,
can be observed near the corners of the windward wall of the second object. Similar flow
behaviour with changing S/B was observed in the previous works [53, 58]. Worthy men-
tioning is also that the pressure loads changes on the windward wall of the first object, are
negligible.

The study of unsteady flow shows, that the changeable pressure load has influence on
the 2nd object. It causes the necessity to analyse the load structure during the building
design. It can be assume that these high loads are due to the dynamic response of the sepa-
rating and reattaching flow which periodically rolls up into the vortex.

5 Conclusions

This article presents systematic studies showing the assessment of steady and unsteady 3D
RANS calculations for forecasting the distribution of wind loads caused by airflow around
buildings in tandem arrangement. The numerical model was validated against experimen-
tal data from wind tunnel and grid independence tests were conducted to minimise the
numerical error. In the range of work there is also determination of the distance influence
between objects on the pressure distribution on buildings’ walls.
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The wind-induced load is a very complex problem. The angle of attack as well as neigh-
bouring buildings may increase or decrease wind loads depending on their relative loca-
tion. The analysis of the latter factor showed that increasing the distance between elements
has the positive influence on the mean pressure values on the front wall the of the second
building, while unsteady analysis of the flow showed, however that the increase in distance
intensifies the periodic pressure fluctuation of loads affecting the 2nd building due to the
vortex shedding behind the 1st building. It was found that it is the unfavourable situation
from the viewpoint of the impact on the building construction because fluctuations of load
can have special meaning for the material fatigue and can cause vibration of the buildings.

In order to analyse the influence of AOA on the pressure load of the building, addi-
tional numerical calculations were carried out for the selected configuration of objects with
the distance between objects S/B=1.5. It was shown that flow pattern varies drastically as
the angle of inflow increase, which must consequently affect the pressure distributions and
wind-induced pressure loads of objects. The results reveal that the flow structure in the
surrounding of objects gradually loses symmetry for flow angles different from 0° AOA.
The analysis shows that this situation is caused in particular with a short distance between
buildings, the deviation of the aerodynamic wake of the upstream building and weakening
of the downwash effect.

The earlier researchers usually focused on the buildings responses due to interference
effects. From the present study, it has been observed that the most significant interference
effects depend on wind direction flow and relative distance between buildings. Upstream
building has induced shielding effects to reveal decreasing the mean wind load on the
downstream building. The results obtained from this study will be helpful to the building
designer or city planner to predict the effect of wind load on structures. There is the lack of
data important for estimation of pedestrian wind comfort for complicated building configu-
rations, in particular, related to the understanding of the possible wind problems in cities.
During the realization of the work, the rightness of using numerical tools was confirmed in
engineering solutions and huge potential was shown if it comes to ease of gaining the data
needed to analysis.

More simulations are need to be carried out and further investigations are required to
obtain information about the optimum separation of buildings that will allow avoiding the
dangerous wind loads and destructive resonance phenomenon. It is important to analyse
the influence of flow disorders and its periodic fluctuation on the dynamic response of
construction.
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