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Abstract. The wind flow around the elliptical object was investigated
experimentally in the BLWT wind tunnel in Bratislava and subsequently
solved by computer wind flow simulation. On a high-rise building model,
the external wind pressure coefficients were evaluated for different wind
directions and then compared with the numerical CFD simulation in
ANSYS, where different models of turbulence and mesh types were used.
The aim of the article was to evaluate and compare the obtained values and
after analysing the results to choose the most suitable model of turbulence
and mesh types, which showed the smallest deviations from the
experimental values.

1 Introduction

At present, we are observing increasing trends in building of high-rise buildings of
circular or elliptical shape. Similar trends can be seen in the construction of modern
neighborhoods in Slovakia too. Since it is not possible to find information about the effects
of wind on elliptical towers in the standards, it is necessary to carry out a detailed
experimental and numerical analysis for a given type of structure. The vortices created
behind the elliptical structure can cause a vibration perpendicular to the wind direction,
similar to the Karman effect. At higher wind speeds, a flutter may occur [1]. For that reason
it is necessary to make specific wind study because the results from the Eurocode approach
[2] can be inadequate. Codes do not offer the handling procedure for the elliptical building.
Maximal negative values of the external pressure coefficient can reach higher values than
from the codes specification [1]. First experiments of circular shapes were done by Strouhal
in 1878. It is mentioned in publication of Zdravkovich [3]. Overall external pressures may
be greatly increased when the building is in real conditions, such as in urban exposure [4].
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Many researchers [5-7] reported results from experimental investigation of pressure and
force coefficient for various terrain conditions. Comparison between codes and practice
offer many researchers too [8, 9]. Analysis of an elliptical cylinder by computational fluid
dynamics (CFD) begins with the search for and improvement of turbulence models. The
elliptical cylinder is also one of the important body objects in the CFD area where wind
angle and aspect ratio are important parameters [10]. Basic research [11, 12] with
experimental and numerical results is available for the flow past elliptical cylinder
compared with other cylinders in laboratory conditions. But in currently available literature
the authors did not find the interdisciplinary integrated experimental/numerical research of
pressure distribution of the elliptic model in the building aerodynamics.

This work consists of an integrated experimental and numerical approach. These results
may be useful for safe design, experimental and building practice. Results from the
experimental measurement were used as a reference to calibrate the numerical model.
Several turbulence models have been used to calibrate the numerical model. These
approaches were compared and evaluated with the average and median error. The main
issue in numerical model is to simulate correct Atmospheric Boundary Layer (ABL) with
fully turbulent environment. Correct definition of the turbulence is difficult. It is more
proper to express turbulence as a list of properties and attributes. It contains randomness,
diffusivity, vorticity, scale spectrum, 3D structure, dissipation and non — linearity [13].

2 Experimental measurements

Boundary Layer Wind Tunnel (BLWT) in Bratislava was used to simulate the ABL and
pressure distribution on the elliptical high-rise building. This type of wind tunnel works on
a principle of negative pressure. Length of BLWT is 26.3 m, the test section is 2.6 m wide
and 1.6 m high. It was necessary to reproduce correctly the roughness of the earth surface
covering different terrain categories according to Eurocode [2]. Approaching flow can be
varied between suburban and urban terrain conditions. To generate fully turbulent flow the
wooden barrier 150 mm high and uniformly roughness field with dimpled foil
20 mm high had been used.

From measurement, the external pressure coefficient was calculated which is described
as

e = —p)(0.5 - p - U?) (M

where ¢, is external pressure coefficient (-), p is local surface pressure (Pa), p, is free
stream atmospheric or static pressure (Pa), p is density of air (kg-m), u is longitudinal
wind velocity at the top of tower (m-s2).

Pressure distribution was recorded with pressure transducer (Scanivalve DSA3217)
with 16 temperature compensated piezoresistive pressure sensors with a pneumatic
calibration valve. Sampling frequency for all pressure taps was 25 Hz and duration of
measurement was 20 s.

2.1 Boundary conditions

Characterization of ABL in BLWT Bratislava according to Eurocode [2] belongs to
category between 3 and 4. Before each experiment the properties of ABL were measured
and checked such as longitudinal mean wind velocity profile, intensity of turbulence
profile, integral length scale, non-dimensional power spectral density and aerodynamic
roughness length. Illustration of mean wind profile and intensity of turbulence is in Fig. 1.
During an experiment it was achieved the geometric (scaled), kinematic, dynamic similarity
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in accordance with the recommendations of ASCE (American Society of Civil Engineers)

[14].
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Fig. 1. Profile of mean wind velocity and intensity of turbulence.

2.2 Model of the elliptical tower

For pressure analysis and calibration with CFD model, the model of high-rise building with
elliptical plan view was chosen. Ratio between width, length and height was 1:2.5:2.7.
Model was made of plexiglass. It had 16 pressure taps with the same distance in 4 levels.
For analysis only middle level was chosen. Illustration of the elliptical tower is in Fig. 2.
Model was exposed to 0°, 45° and 90 ° angle of attack. Only zero angle was chosen to
investigate the errors, because the aim of the article was to determine the accuracy of CFD

for future study of the calibration process. These first fundamental results had shown us the
critical part of CFD.
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Fig. 2. Dimensions of the elliptical tower.

3 Numerical modelling

Results from the experiment were used as inputs for the simulation. ANSYS Fluent
Workbench [15] was used to simulate similar approaching flow conditions and model of
the elliptical tower as in experiment. The similarity with approaching wind profile in terms
of mean wind velocity and turbulence intensity was as accurate as possible as it is

illustrated in Fig. 3. Inlet boundary conditions of the domain are defined by the logarithmic
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function. Intensity of turbulence is generated by equivalent sand-grain roughness height,
which can be typed in ANSYS. Formulas for quantification of logarithmic function and
roughness parameter are in Bert Blocken study [16]. To simulate real turbulent environment
several turbulence models were used. They are solving the problem based on
Navier — Stokes equations. Equations have mean and fluctuating value components. These
values are derived from experimental and numerical solutions. £ — ¢ and k£ — w turbulence
models were chosen.

Size of computational domain was chosen to recommend maximum value of block
ratio 3 % according to Stathopoulos [17]. The distance from elliptic tower to inlet, sides
and top of the domain was at least five times the height of the tower and the distance from
outlet was at least eleven times the height according to guidelines [17].
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Fig. 3. Mean wind velocity profile from the experiment and the simulation.

From k — & model the RNG and Realizable models were chosen. Because the Reynolds
number around an elliptic tower is low, RNG k — ¢ model is useful for this case. It is
derived from transport Navier — Stokes equations and has excessive diffusion for various
circumstances, such as a big curving of the flow, eddies, rotation, separation of the flow and
lower Reynolds numbers. Realizable k£ — ¢ model is different from standard model. It has
different formulation for modified transport equations and turbulent viscosity [18].

Second type of turbulence model was & — @ Standard and Shear — Stress Transport
(SST). Standard model is more accurate in the vicinity of a wall but accuracy decreases
with the distance. SST model converts k — & model to the accuracy in vicinity of a wall and
works better in the free flow from the wall [19]. Transient state was used for each
simulation process.

3.1 Meshing and simulation setting

Two types of meshing methods were used. First method was mesh with CutCell elements.
Size of elements on the elliptic tower was 0.005 m. Second method was with polyhedral
elements. For each meshing method advanced size function on curvature with fine
relevance centre and high smoothing was used. Around 800 000 elements with 400 000
nodes were generated for each method. All used mesh methods are illustrated in Fig. 4 and
Fig. 5

To obtain results similar with experimental part, the main task was to setup the
simulation model and boundary conditions. It means the developed atmospheric boundary
layer has the same logarithmic profile as in a wind tunnel and the profile is not deformed
along the computational domain. This have been achieved by turbulence models, user
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defined function and interpreted UDF function on inlet and outlet file and application of a

roughness on the approach terrain.

Fig. 4. CutCell elements mesh.

Fig. 5. Polyhedral elements mesh.

4 Results

Fig. 6 shows the c,. values from the experiment and the simulation for each wind direction.

The evaluation parameter of this work was the difference between the external wind

pressure coefficients from the experiment and from the simulations at individual points on
the model. In Table 1 and 2 there are values from experiment with minimal, maximal and
mean value. Only average values were used to compare the match, as we only received
mean values from the simulation. All values for middle level and 0 ° wind direction for
various meshing methods and turbulence models are shown in Table 1 and 2. Errors were
expressed in percentage. Resultant values of error were calculated as average and median.

number of pressure taps
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Fig. 6. Comparison between experimental and numerical approach.
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Table 1. Comparison of results from experiment and CFD simulation — CutCell mesh.

Cutcell mesh
Experiment CFD
Number
Oftap Cpe k-¢ K-

Min | Max |Mean| RNG | Error | Realizable | Error | Standard | Error | SST | Error

1 0.25 | 1.08 | 0.67 0.93 40% 0.99 49% 0.99 49% | 0.86 | 29%
2 -0.89|0.29 | -0.19| -0.13 32% -0.11 41% 0.08 |142%|-0.15| 24%
3 -0.91|-0.10|-045| -0.42 7% -0.41 9% -0.37 17% |-0.42| 7%
4 -0.82|-0.25|-0.51| -0.50 1% -0.50 2% -0.50 1% |-0.50| 1%
5 -0.80(-0.28|-0.51| -0.53 3% -0.52 2% -0.55 7% [-0.53| 3%
6 -0.63|-0.23|-0.41| -0.50 20% -0.50 20% -0.53 30% |-0.50| 21%
7 -0.57|-0.21|-0.37| -0.38 2% -0.39 5% -0.45 22% |-0.38| 1%
8 -0.23|-0.01|-0.10| -0.13 30% -0.16 56%0 -0.17 75% |-0.15| 46%
9 -0.15| 0.08 | -0.05 0.01 |120% 0.02 132%| -0.03 38% |-0.08| 64%
10 -0.23|-0.01|-0.10| -0.13 30% -0.16 55% -0.17 75% |-0.15| 46%
11 -0.57|-0.21|-0.37| -0.38 2% -0.39 4% -0.46 22% |-0.38| 1%
12 -0.63|-0.23|-0.41| -0.50 20% -0.49 20% -0.53 30% |-0.50| 21%
13 -0.80(-0.28|-0.51| -0.53 3% -0.52 2% -0.55 7% [-0.53| 3%
14 -0.82(-0.25(-0.51| -0.50 0% -0.50 2% -0.50 1% |-0.50| 1%
15 -0.91|-0.10|-0.45| -0.42 7% -0.41 9% -0.37 17% |-0.42| 7%
16 -0.89(0.29 | -0.19| -0.13 32% -0.11 42% 0.08 |142% |-0.15| 24%
Average | 22% 28% 42% 19%

Median 13% 15% 26% 14%

Table 2. Comparison of results from experiment and CFD simulation — Polyhedral mesh.

Polyhedral mesh
Experiment CFD
Number
oftap Cpe k-¢ k-

Min | Max | Mean| RNG | Error | Realizable | Error | Standard | Error | SST | Error

1 0.25|1.08 | 0.67 0.92 38% 0.97 45% 1.20 80% | 0.81 | 22%
2 -0.89(0.29 |-0.19| -0.13 34% -0.12 40% 0.14 |173% |-0.14| 28%
3 -0.91(-0.10|-0.45| -0.42 8% -0.41 11% -0.37 18% [-0.40| 11%
4 -0.82(-0.25|-0.51 | -0.50 1% -0.49 3% -0.53 5% |-0.48| 5%
5 -0.80(-0.28|-0.51| -0.52 1% -0.51 0% -0.59 16% |-0.50| 2%
6 -0.63[-0.23|-0.41| -0.49 18% -0.49 18% -0.59 44% |-0.48| 17%
7 -0.57(-0.21|-0.37| -0.36 4% -0.37 1% -0.51 38% [-0.37| 0%
8 -0.23(-0.01|-0.09 | -0.12 26% -0.14 50% -0.19 |102% (-0.16 | 70%
9 -0.07| 0.09 | 0.01 0.00 65% 0.01 25% -0.01 |176% |-0.01| 185%
10 -0.23(-0.01|-0.09 | -0.12 28% -0.15 54% -0.19 98% |-0.16| 68%
11 -0.57(-0.21|-0.37| -0.36 4% -0.37 1% -0.52 39% [-0.37| 0%
12 -0.63(-0.23|-0.41| -0.48 17% -0.48 17% -0.59 44% |-0.48| 16%
13 -0.80(-0.28|-0.51| -0.52 1% -0.51 0% -0.59 16% |-0.50| 2%
14 -0.82(-0.25|-0.51 | -0.49 2% -0.49 4% -0.53 5% |-0.48| 5%
15 -0.91(-0.10|-045| -0.41 9% -0.40 11% -0.37 18% |-0.40| 11%
16 -0.89|0.29 |-0.19| -0.12 36% -0.11 41% 0.16 |186% |-0.14| 30%
Average | 18% 20% 66% 29%

Median | 13% 14% 41% 14%
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5 Conclusions

Tables 1 and 2 compare and evaluate the errors of each simulation at each measurement
point. The largest percentage differences occurred around points 8, 9 and 10 in an area with
high turbulence and vortex shedding and low external wind pressure values for wind
direction 0 °.

With changing the wind direction, the greatest differences occurred around points 8 and
9, in the vortex shedding areas, as shown in the graph in Figure 6. Because of the boundary
conditions in CFD simulations, that consider zero wind pressure far beyond the model - at
the exit of the area, these will not capture wind turbulence and vortexes just behind the
model.

Results in Fig. 6 can show us, that bigger errors occur in higher values of pressure,
especially in negative zone. If we do not take into account these values, errors seem quite
accurate. It should be noted that these suction values are average and there is a big wind
speed variation in these locations. For this reason, these areas are crucial, for example for
cladding, dynamic response or pedestrian comfort.

It seemed that the turbulence model did not succeed to catch this turbulent
environment. For that reason the overall mean error value was so large for each model and
mesh. CFD follows the shape and behaviour of the experimental curve as it can be seen in
Fig. 6, but areas with points of separation are shifted. CFD is not able to simulate real wind
characteristics and boundary conditions just like an experiment and therefore it is not
recommended to use only numerical results for design of an atypically shaped structure.
Numerical approach can help us before experiment. CFD can help us find areas of extreme
wind load values and determine positions of the sampling points before the experimental
measurement. But the accuracy is still not sufficient.

The aim of this work was to analyze the accuracy of individual models of numerical
simulation and to draw attention to the pitfalls that these procedures bring and to
recommend the most suitable numerical model for a given object.

6 Future works

The aims for future work will be to find simulation setup for better similarity with
experimental results in a wake area. Crucial factor will be to obtain stable and similar ABL
with experimental setup. It means to create appropriate surface of a terrain and model with
using of wall function or roughness height parameter. For this analysis, Reynolds Averaged
Navier — Stokes (RANS) equation was used. Other possible way is to use Direct Numerical
Simulation (DNS), which solves all the vortices/eddies. But it is very time-consuming with
huge amounts of data.
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