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Abstract. The aim of the paper is to determine the aerodynamic forces acting on a torus-shaped structure fragment at high wind velocity
which are impossible to obtain from the existing standard EN 1991-1-4 (the so-called wind standard). The most important problem is the correct
modeling of turbulence and laminar-turbulent transition in the conditions of flow interference resulting from the presence of other obstacles. For
this reason, forces are obtained by two methods: fluid-structure interaction (FSI, force transfer) and user-defined functions (UDF). Variations of
the total aerodynamic lift force of the half of the torus with angle 𝛽 and velocity of wind 𝑤, and the formula for estimating the horizontal force
𝑃𝑧 perpendicular to drag force are presented. Additionally, useful engineering parameters (such as pressure distribution and air velocity field)
are determined. The forces of wind influence on two cylinders and a torus-shaped object are obtained and compared.
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NOMENCLATURE
CFD – computational fluid dynamics
DNS – direct numerical simulation
FEM – finite element method
FSI – fluid-structure interaction (force transfer)
FVM – finite volume method
Re – Reynolds number
UDF – user-defined functions
𝑘-𝜖 – turbulence model
𝑘-𝜖 /RNG – re-normalisation group 𝑘-𝜖 turbulence model
𝑘-𝜔 – turbulence model
𝑘-𝜔/SST – shear stress (SST) 𝑘-𝜔 turbulence model
𝑏 [m] – diameter of the cross-section of the torus
𝑐𝑝 [–] – pressure coefficient
𝑐 𝑓 [–] – force coefficient according to [1]
𝑐𝑥 [–] – drag coefficient
𝑐𝑦 [–] – lift coefficient
𝐺 [N] – weight of the structure
𝑔𝑟 [mm] – thickness
𝑘 [mm] – roughness of the cylinder wall
𝑘 [m2/s2] – turbulent kinetic energy
𝑙 [m] – length
𝑝 [Pa] – pressure
𝑃𝑥 [N] – drag force
𝑃𝑦 [N] – lift force
𝑃𝑧 [N] – horizontal force perpendicular to drag
𝑞𝑝 [kN/m2] – peak velocity pressure
𝑅 [m] – radius of the torus
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𝑤 [m/s] – velocity of wind
𝑦 [mm] – estimated first FVM element height
𝑦+ [–] – nondimensional wall distance
𝑧 [m] – height above ground
𝛼 [°] – angle that defines part of a torus
𝛽 [°] – yaw angle
𝛾 [kN/m3] – volume weight
Δ [%] – relative difference
𝛿 [mm] – thickness of boundary layer
𝜌 [kg/m3] – density
𝜔 [1/s] – specific dissipation rate

1. INTRODUCTION
1.1. Motivation to take up research
The action of the wind is the dominant load for the water slide,
especially when it is located in an open area, by a lake, or in the
mountains. Its actual maximum values occur at high altitude,
generating significant bending moments in the restraint of load-
bearing columns (Fig. 1). This research is universal and can also

Fig. 1. Water slide in Gino Paradise Bešeňová in Slovakia
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be applied to other objects in the shape of a bent pipe. Calcu-
lating the wind flow is a complicated task that requires, among
others, knowledge of the specific rules of setting boundary con-
ditions, choosing the right model of turbulence, and precise
formation of the FVM mesh in the area around the object wall
in order to correctly reproduce changes in the velocity gradient
in the boundary layer.

1.2. Objective of research

This paper is an introduction to the full analysis of the wind
impact on the object in the shape of a bent pipe (e.g. water slide,
pipelines, elements of bridges). At this stage, the research is
limited to modeling its fragment (see e.g. [2–4]). The aim of the
analysis is to test the possibility of a much faster estimation of
wind loads acting on a fragment of a structure of a curved shape
(e.g. a water slide) using a simplified model (in the shape of a
torus). Wind forces results obtained by FSI (force transfer) and
UDF were compared. The aim is to identify the most useful and
fastest method of numerically designing structural elements in
the shape of a bent pipe in terms of wind load. A calculation
error is evaluated for this approach. Analyses present a study
on the development and verification of numerical models of
flow at high wind velocity around structural elements with a
circular cross section and simple shape, allowing the determi-
nation of useful engineering parameters (such as aerodynamic
forces, pressure distribution, and air velocity field). Especially,
the influence of strong wind is considered, having velocity above
30 m/s, on the structures with complicated shape which to some
extent are similar to torus. In such a situation strong wind in-
ference caused by the flow around different parts of the same
body appears. Difficulties in estimating the aerodynamic forces
acting on objects of unusual shape result, inter alia, from the
fact that the reference surfaces, e.g. an object in the shape of
a half-torus set at different angles to the horizontal, as well as
its fragments, do not correspond to the surfaces resulting from
the projection of the object on a plane perpendicular to the di-
rection of the wind velocity or the surface of the equivalent
cylinder. The forces of wind influence on the cylinders and a
torus-shaped object were determined and compared. Due to the
fact that the Eurocode [1] does not cover the issues related to
the wind load on structures with atypical shape, new formula
is proposed. It was derived on the basis of the algorithm for
calculating the force of wind on the cylinder perpendicular to
the direction of airflow, described in the European standard [1],
which provides detailed dependencies of the aerodynamic drag
coefficient on the roughness of the cylinder surface and on the
Reynolds number which is the ratio of inertial forces to viscous
forces within a fluid. Depending on the type of external surface
adopted by the designer, this coefficient may vary significantly.
Analyses, also shown in previous papers [2–4], begin with the
flow around a cylinder. This is the simplest object with a circu-
lar cross-section and at the same time the most studied in the
literature (see, e.g. [5–7]) and newer papers: [8–10]. Based on
this model, more complex models were analyzed, in the shape
of half of a torus. In the article [11] simulations are presented
for flow around pairs of circular cylinders at a Reynolds num-
ber of 3900. There are not many analyses in the literature on

the impact of wind on a torus-shaped object. In the paper [12]
the flow structure of a torus with an aspect ratio of three was
scrutinized in a wind tunnel at the Reynolds numbers with val-
ues much smaller than in the present paper. Similarly in [13].
The study [14] explores the application of toroidal propellers in
drone technology through comprehensive wind tunnel testing.

Because a fragment of a relatively rigid structure is analyzed,
at the present stage of the study the potential problem of vortex-
induced vibrations is omitted and mostly one-way force transfer
is used. Such structures have a vertical static system, with hor-
izontal cantilever or strutted beams connected to columns, and
a steel bracing system. These issues will be discussed in the
future. A selective review of recent research on vortex-induced
vibrations of isolated circular cylinders and the flow and vibra-
tion of circular cylinders in tandem arrangement are presented
in both [15–17] and [18, 19]. Additional results of the analyses
were mentioned in [20]. Vortex excitation has also been inves-
tigated behind objects in the shape of a quarter of a torus or a
whole torus, stationary or rotating around the central axis, e.g.
in [21–23]. The mentioned papers deal with small numbers Re,
unlike the present analyses. The determination of wind impact
forces was not the purpose of the analyses presented therein.

1.3. Research methodology

The problem was solved both by using the coupled FVM for
solving fluid flow problem and the FEM for solving structural
problem. Hence, it was a fully coupled two-way FSI approach in
which the Fluent ANSYS CFD (Computational Fluid Dynamics)
solver was coupled with the Abaqus FEM solver. This approach
was confronted with one-way interaction carried out through
UDF on the ANSYS Fluent platform. Some calculations were
carried out on the PL-Grid Infrastructure.

2. NUMERICAL MODELS OF AIRFLOW AROUND
STRUCTURAL ELEMENTS

2.1. Calculations using FSI

The development and verification of models of wind flow around
spatial elements in the shape of half of a torus, yawed at the angle
𝛽 in the range 0–90° were shown in previous papers [2, 20, 24].
They also include the results of numerical analyses. The subject
of analysis is the reactions of individual parts of the torus as
a result of changes (e.g. pressure) in the flow characteristics.
For this purpose, the object is divided into eight equal parts.
One-way force transfer is assumed (fluid → structure). All parts
were bonded together, without the possibility of slipping or
separation, through contact (bonded contact). Geometry was
created in the ANSYS DesignModeler. It is assumed that the
object does not deform under the influence of wind. In the solver,
individual rigid parts are represented by a single point, which
transfers inertial properties, and a discretized surface which is
the geometry of the object. The shell thickness is assumed to
be 0.01 m, but setting the shell thickness factor to 0 causes
the physical thickness and node offset from the center cross-
section of the surface to be ignored. The cutout in the shape of
a torus in the airflow model and the model in the mechanical
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part perfectly match with respect to the arrangement in space.
The radius of the torus 𝑅 = 3.0 m and the diameter of the cross-
section of the torus 𝑏 = 1.0 m. Figures 2 and 3 show a general
view, boundary conditions, directions of aerodynamic forces,
division into blocks, and FVM mesh of the numerical model of
airflow around the object in the shape of half of the torus, made
in the ANSYS package.

Fig. 2. General view, boundary conditions and directions of
aerodynamic forces in a model of flow around half of a torus

Fig. 3. Division into blocks and FVM mesh of the model
of flow around a curved pipe

The boundary layer is meshed in an analogous manner to
the case of the base model, in the shape of a single cylinder
(see [4]). If it was not possible to divide into regular subareas,
a hybrid mesh was used, consisting of a regular mesh in the
boundary layer and triangular and tetrahedral mesh elements in
an area at a greater distance from the object wall. Most often, the
calculations were performed at hurricane speed. When a storm
maximum sustained winds reach 33 m/s, it is called a hurricane.
The Saffir-Simpson Hurricane Wind Scale is a 1 to 5 rating,
or category, based on a hurricane maximum sustained winds.
The higher the category, the greater the potential for property
damage from the hurricane. In the case of the aerodynamic drag
of half of the torus set horizontally, at a hurricane wind velocity,
the relative differences between the results obtained using the
regular and hybrid mesh, depending on the angle 𝛼, ranged from
0.6% to 5%, and in the case of a horizontal force perpendicular
to the drag force – from 0.5% to 5%. Nonstructural meshes
were also used, made of prisms (wedges) near the pipe wall and
tetrahedra in an area at a greater distance from it (see Fig. 2). The
comparison of the results obtained with the use of the hybrid and
non-structural mesh for the model of a half of the torus yawed
from the horizontal surface by 22.5° showed that the forces 𝑃𝑥

and 𝑃𝑧 did not differ by more than 2%. The size of the mesh
elements on the object surface of 0.04 m was chosen such that
the number of elements around the pipe outlet corresponded to
the number of elements around the pipe outlet in the hybrid and
structured mesh (96 elements in total around the outlet of the
cross-section of the pipe).

In Fig. 4, the FEM mesh of the curved pipe model divided
into eight parts is shown. FEM and FVM grids on the wall of
the object and near the cutout are sufficiently similar, so that the
force vectors transferred from the model of wind flow act exactly
perpendicularly to the finite elements of the structure, which is
particularly important in the case of the surface of a curved
shape. The mesh consists of over 12 000 SHELL181 surface el-
ements (four node elements with six degrees of freedom at each
node). In Abaqus there are nondeformable, three-dimensional,
four-node linear elements (R3D4). The common surface of the
fluid and the object is declared as a boundary condition. In the
analyses presented in this paper, 100% of the nodes were suc-
cessfully mapped, which could be read from the diagnostic note
in the Static Structural program at the end of the iteration.
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Fig. 4. FEM grid of a model of a bent pipe divided into eight parts

Air with a uniform velocity profile enters the domain through
a front surface (inlet) and flows out through the back surface
(outlet), where the pressure is equal to that of the atmosphere.
Symmetry (or far-field in Abaqus/CFD), which is essentially
a wall with slip condition, is chosen for the top and bottom
boundaries to reduce the computational time. The roughness of
the cylinder wall is considered with a value of 𝑘 = 0.15 mm,
which corresponds to the surface of a fiberglass laminate. As
well as adjusting to zero air velocity of the fluid in the immediate
vicinity of the surface of the object (No Slip Wall). An impor-
tant issue is the selection of an appropriate size of a domain
while bearing in mind that the calculations are complex, re-
quiring considerable computing power. The dimensions of the
computational model are chosen so that the inlet, outlet, and
symmetry or the far-field boundaries are far enough from the
object to avoid any boundary effects, according to [25–27].

When the calculation area was enlarged twice in the direction
of the 0𝑥 and 0𝑧 axes, at wind velocity 𝑤 = 33.5 m/s, the 𝑃𝑥

and 𝑃𝑧 components of the total wind force on the entire half-
torus-shaped object were reduced by approximately 6% and
3%, respectively. On the other hand, increasing the height of the
computational domain of the air flow by 8 m at the velocity of
15 m/s near the torus yawed at an angle of 15° to the horizontal
surface resulted in the reduction of the 𝑃𝑥 force by 1%, the 𝑃𝑧

force by 3% and the 𝑃𝑦 force by 3%. To verify the possibility
of testing the wind force of the whole torus with the model of
its half, using the symmetry condition, the whole torus located
horizontally was analysed, subjected to a hurricane wind veloc-
ity 𝑤 = 33.5 m/s. The total force 𝑃𝑥 acting on the entire torus
turned out to be only 2% smaller than the double total force
acting on a half of the torus, and the total force 𝑃𝑧 – as predicted
– had a value of zero. Larger discrepancies were observed in
the case of the 8𝑡ℎ part and its mirror image of the entire torus
model. Due to the randomness and turbulence of the flow in this
place, the difference in 𝑃𝑥 forces in these fragments was 12%,
𝑃𝑧 forces – 13%, and in the remaining parts it was not greater
than 0–5%. The final summary values of the aerodynamic forces
of the half and the whole torus remained consistent.

The fluid was modeled as an incompressible Newtonian fluid.
Finally, the following options were selected (among others):
• pressure-based solver,
• second-order upwind interpolation scheme, and
• transient flow.
The appropriate time-step size of the calculations was also

estimated. The justification for choosing such options is shown

in [3]. Exactly the same approach was used. Re values applied
in the calculations were in the critical and supercritical range of
the turbulent flow. They were determined in part on the basis
of [1]. An analysis of turbulence models was made. Quoting
[25]: “The shear stress (SST) 𝑘-𝜔 model was developed by
[28] to effectively blend the robust and accurate formulation
of the 𝑘-𝜔 model in the near-wall region with the freestream
independence of the 𝑘-𝜖 in the far field. To achieve this, the 𝑘-𝜖
model is converted into 𝑘-𝜔 formulation. These features make
the SST 𝑘-𝜔 model more accurate and reliable for a wider class
of flows (e.g. adverse pressure gradient flows, airfoils, transonic
shock waves) than the standard 𝑘-𝜔 model.” When using the
LES method, the problem was setting the surface roughness.
In the ANSYS package, it was not possible to set the height
of the roughness of the water slide wall. At the same time,
the direct numerical simulation (DNS) method requires the use
of computers with enormous computing power. It would be
impossible to analyze the cases in the present and later papers
with even more complex shapes using this method.

Verification of the numerical model was made on the example
of a simplified model in the shape of a cylinder. The FVM grid
in the vicinity of the object was the same as in the case of a
torus. In the calculations presented here it is assumed that the
turbulent kinetic energy and the specific dissipation rate are
equal respectively to: 𝑘 = 60.8 m2/s2 and 𝜔 = 930.2 1/s for the
thickness of boundary layer 𝛿 = 3 mm and hight above ground
𝑧 = 10.0 m. From wide range calculations it turned out that the
drag coefficient, which is used to quantify the drag or resistance
of an object in a fluid environment, such as air, was almost
insensitive to 𝑘 and 𝜔 parameter values as much as the tenfold
reduction of these values caused increasing of the average value
of the drag coefficient of just 1.1%. For this reason, it was
decided to change individual cases due to the wind velocity
declared as the boundary condition instead of the parameters of
the turbulence models.

The integral time-average value of the drag coefficient using
(1) the standard 𝑘-𝜔 and 𝑘-𝜖 /RNG turbulence models resulted
in 𝑐𝑥 = 0.64 and (2) the 𝑘-𝜔/SST or DES models – 𝑐𝑥 = 0.59.
Figure 5 represents the time series of drag coefficients at a wind
velocity 𝑤 = 33.5 m/s by using two of the previously mentioned
exemplary turbulence models, as well as the lift coefficients 𝑐𝑦 .
Its average value is equal to zero. The amplitude of oscillation
is 0.3. This value is consistent with the results obtained in the
wind tunnel and described in [29].

Fig. 5. Variation of the drag and lift coefficient of the cylinder during
the first 10 s at 𝑤 = 33.5 m/s obtained using different turbulence models
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Table 1 shows, depending on the velocity of wind flow and
Re number, the nondimensional wall distance 𝑦+, adopted ac-
cording to [30–32]. In the mentioned references, among others,
possible to use ranges of values 𝑦+ are included, corresponding
to each zone of the viscosity-affected region. The paper [33] also
reports on the development of a refined wall function strategy to
model turbulent flow on rough surfaces. The validation results
suggest that the proposed extension is successfully applicable
to a wide range of attached and separated turbulent flows over
fine-grained rough surfaces.

Table 1
Re values and FVM grid refinements

𝑤 [m/s] 11
(strong breeze)

15
(high wind)

22
(strong gale)

33.5
(hurricane)

Re [–] 7.3 ·105 106 1.5 ·106 2.2 ·106

𝑦+ [–]
minimum 6 7 10 14

𝑦+ [–]
coarse mesh 50 63 90 135

𝑦+ [–]
fine mesh 6 7 40 50

The values of the Reynolds number are characterized by equa-
tion:

Re =
𝑏 ·𝑤
𝜈

=
1 ·𝑤

15 ·10−6 [−], (1)

where: 𝑏 = 1 m is a diameter of a cylinder and 𝜈 – kinematic
viscosity according to [34].

The estimated first FVM element height equals:

ℎ = 2𝑦 =
2
√

74
Re13/14 𝑏𝑦

+ = 3 mm (2)

using a coarse mesh. This value can be estimated using the cal-
culator available at https://www.cfd-online.com. Minimal value
of 𝑦+ is shown in Table 1 (assuming that the value of 𝑦 is slightly
greater than that of 𝑘). It also includes the maximum value of
𝑦+ (a fine mesh) for which the drag coefficient remains almost
unchanged, it means that the difference between solutions for
different small 𝑦+ is less than 5%. Larger values of 𝑦+ than those
listed in Table 1 do not apply in these analyses.

A structural type of FVM mesh was made. Models have sig-
nificantly lower computational requirements (and coarse mesh)
when using wall functions. Then, the first computational node
is placed in the fully turbulent inner region, and suitable as-
sumptions about how the near-wall velocity profile behaves are
made to obtain the wall shear stress. In this paper, the produc-
tion limiter option was used. The wall boundary conditions for
the equation in the models were treated in the same way as the
equation was treated when enhanced wall treatments were used.
The maximum value of a 𝑐𝑥 coefficient for a model with a coarse
mesh is comparable (lower by about 5%) to the force coefficient
value given in the European code [1]. Following the adoption of
more restrictive rules of discretization, the drag coefficient value

was shown to be lower by about 30%, and it is consistent with
the results measured in the cryogenic wind tunnel and described
in [5].

Figure 6 indicates that 𝑦+ = 135 for 𝑤 = 33.5 m/s (except for
the front and the trailing surface of the cylinder, where stagnation
of air occurs), and 50 at 𝑤 = 11 m/s. It is marked with an upper
line. Furthermore, it does not drop significantly below 50 and 6
(a lower line). Therefore, it can be concluded that the resolution
of the near-wall mesh is acceptable in both cases. The dotted
line represents the 𝑦+ values on the wall of the cylinder as read
when the aerodynamic force reached the mean value. Due to the
presence of turbulence, these values are different in the upper
and lower parts of the cylinder.

Fig. 6. 𝑦+ distribution on the wall of the cylinder at 𝑤 = 33.5 m/s
and 𝑤 = 11 m/s

The distribution of velocity vectors near the cylinder wall
is shown in Fig. 7. Behind the cylinder is the region in which
the air recirculates. The flow is not symmetrical and no regular
path is formed. This flow characteristic is in accordance with
Fig. 7.16 in [35] in the critical range of Re. The point of sepa-
ration of the boundary layer is determined from the distribution
of static pressure and shear stress on the wall of the cylinder,
and the velocity vector field around the wall. It occurs at an
angle of approximately 110°. A similar angle was determined
experimentally and described in [6]. Furthermore, a very good
agreement is observed between the results of the mean pressure
distribution on the surface of the cylinder at Re = 2.2 · 106 in
this paper (Fig. 8) and the sets of experimental data described
in [6,36,37], and numerical results in [34]. The dotted line rep-
resents the pressure coefficients on the wall of the cylinder as
read when the aerodynamic force reached the mean value. Due
to the presence of turbulence, the pressure is different in the
upper and lower parts of the cylinder. Therefore, the mean value
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was calculated and marked with a solid line. Good agreement is
observed between the results of the mean pressure distribution
on the cylinder surface in this paper and the experimental data
described in the European standard [1]. A similar distribution
of pressure coefficients was obtained for the other Re numbers:
7.3 ·105, 106, and 1.5 ·106.

Fig. 7. Velocity vectors near the cylinder wall and the boundary layer
separation point for Re = 2.2 ·106

Fig. 8. Distribution of average values of pressure coefficient 𝑐𝑝
on the wall of the cylinder

Additional FSI analysis was performed on the Abaqus pack-
age to determine the aerodynamic forces. FSI represents a class
of multiphysics problems in which fluid flow affects compliant
structures, which in turn affects fluid flow [38]. It is the inter-
action between the Euler fluid and the Lagrange construction,
which are in contact through a common surface (co-simulation
boundary). A procedure enabling the transfer of data by both
solvers at each time step (co-simulation) was used. Considering
the turbulence model 𝑘-𝜔/SST in ANSYS Fluent, a value of
drag coefficient close to the value resulting from the application
of the model 𝑘-𝜖 /RNG in the Abaqus package was obtained,
regardless of the method specified in [4].

Following the adoption of all previous rules, the problem
converged. Residuals were decreased by three orders of magni-
tude. The net mass imbalance was less than 0.2% of the net flux
through the domain. This means that when the present models
were used, reliable results were obtained.

2.2. Calculations using UDF
The assumption that the deformations of the structure are negli-
gible facilitates limiting the analysis to a one-way FSI. However,
the procedure for transfers from ANSYS Fluent external wind
loads acting on a fragment of a water slide requires the inclu-
sion of another module in the ANSYS Workbench package -
Static Structural. Both models (CFD and mechanical part) must
perfectly match each other in terms of orientation in space. Im-
plementing the FEM mesh on the wall of the object and the
declaration of contact between the eight parts of a half of a
torus are problematic. The wind force vectors transferred from
a model of wind flow must act exactly perpendicularly to the
finite elements of a structure with a curved shape.

UDFs were written in the programming language C. They
were dynamically loaded with the ANSYS Fluent solver in the
form of macros, which resulted in access to calculated fields of
variables and to the geometry of an object. The functions have
been compiled in the Fluent program using Microsoft Visual
Studio. As a result, shared libraries that were connected to the
entire solver were created.

The subject of analysis is the reactions of different parts of
the torus due to changes in the flow characteristics, for example,
pressure. Partial results have already been presented in earlier
papers [2–4]. Figure 9 shows the pressure, velocity, and stream-
line distributions in the middle cross-section of the flow model
around half of the torus at the time when the resulting aero-
dynamic drag force reaches the mean value, presented in other
papers. The largest absolute value of the lateral force (side) di-
rected outward relative to the curvature axis of the torus appears
in the fifth and sixth parts of the torus (see Fig. 1; the angle 𝛼 of
approximately 110°). Its source is a big difference between the
air velocity in the region in the ‘eye’ (center) of the torus and on
the sides. The effect is analogous to the lift force obtained by air-
foils. Noorani [39] observed that for strong curvature a distinct
bulge appears close to the center of the pipe in fully developed,
statistically steady turbulent flow in straight and curved pipes
(torus fragment) at moderate Reynolds numbers.

Fig. 9. Distribution of pressure, velocity and streamlines in the middle
cross-section of a model of flow around half of the torus at 𝛽 = 0° and

𝑤 = 33.5 m/s
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Figure 10 shows a static pressure distribution on the wall
of the object in the shape of half of the torus yawed from the
horizontal surface at an angle of 22.5°, which is more similar to
a fragment of the water slide. It is like the pressure distribution
on the wall of half of a torus positioned horizontally.

Fig. 10. Pressure distribution on a surface of a torus yawed from the
horizontal surface by an angle 22.5°: (a) front view and (b) rear view

The authors’ own program code compiled in ANSYS Fluent
allowed the calculation of the viscous forces, pressure forces,
and total forces in a direction 0𝑋 on different parts of the surface
of a torus positioned horizontally at hurricane wind velocity. The
results were automatically saved to a text file at each iteration.
They were used to verify force transfer. Table 2 presents a com-
parison of drag forces acting on individual parts of half of the
torus obtained by the UDF and FSI methods after the first sec-
ond of flow. The resulting forces acting on the whole object in
the shape of half of a torus are also compared. In the ‘UDF’ col-
umn, the values of forces are presented as the sum of viscosity
and pressure forces. This also illustrates how little importance
viscous forces have in turbulent flows considered in this paper.
In the program Static Structural, it is not possible to separate
these forces. The force values are for illustrative purposes only,
to verify the FSI analysis because they were read out after only
one second of flow.

Table 2
Comparison of the results of the total forces acting on individual
parts of a torus after the first second of flow obtained by UDF

and FSI methods [N]

No. of a part
of a half torus UDF [N] FSI [N] Δ [%]

1 6.2 + 277.7 = 283.9 284.2 –0.1

2 8.6 + 288.8 = 297.4 297.8 –0.1

3 6.3 + 149.7 = 156.0 155.8 +0.1

4 4.8 + 45.4 = 50.3 50.6 –0.6

5 7.2 - 42.3 = -35.1 −34.2 +2.6

6 8.4 - 9.6 = -1.14 −0.79 +44.3

7 9.0 + 176.7 = 185.7 185.1 +0.3

8 9.4 + 350.9 = 360.4 358.3 +0.6

Σ 1297.4 1296.3 +0.1

Results obtained by UDF and FSI methods are sufficiently
compatible, given that during force transfer from the Fluent to

Static Structural, numerical errors are generated even though the
object is stiff and immovable. Differences between very small,
close to zero force values in the sixth part of half of the torus
can be omitted in engineering applications. Results of the final
calculations of the resultant forces 𝑃𝑥 and 𝑃𝑧 , described in [2]
and using FSI, are presented in Fig. 11. The points highlighted
on the curves, e.g. in the case of the angle 𝛼 = 67.5°, determine
the sum of reactions from the first, second and third part of
half of the torus, and the reaction for the angle 𝛼 = 180° is the
sum of the reaction [3]. The results for the remaining values
of wind velocity are also presented there. Figure 11 also shows
dimensionless values of the components of the aerodynamic
force. They denote the ratio of the value of the aerodynamic
force component obtained from numerical analysis to the force
that can be calculated analytically. This graph shows that these
forces differ up to three times. Therefore, a function to correct
for these force values should be applied.

Fig. 11. Variations of the aerodynamic forces 𝑃𝑥 and 𝑃𝑧 with
the 𝛼 and 𝛽 angle using FSI – real and dimensionless values

These papers [2] and [3] also present the variability of the
values of the aerodynamic force components of the half-torus-
shaped object depending on the angle 𝛽 and the wind velocity 𝑤

(Fig. 12). In [2] the procedure for deriving the function marked
in Fig. 11 as an ‘analytical method’ is shown. It was determined
for a horizontally oriented torus. This figure also shows dimen-
sionless values of the components of the aerodynamic force,
similar to Fig. 11, for each wind velocity analysed in this paper.
This graph also shows that these forces differ by up to three
times. Therefore, in this case, the function of correcting the
results should also be applied.

Based on the graphs shown in Fig. 12, it can be shown that
the 𝑃𝑥 component of the wind load on half of the torus can be
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Fig. 12. Variations of the total aerodynamic forces 𝑃𝑥 and 𝑃𝑧 with
angle 𝛽 and velocity of wind 𝑤 using FSI – real and dimensionless

values

estimated from the formula:

𝑃𝑥 = 𝑐 𝑓 𝑞𝑝𝑏𝑅 [2.21−0.97arctan (2.098−0.034𝛽)] , (3)

where

𝑞𝑝 =
𝜌𝑤2

2
, (4)

according to [1].
The aerodynamic coefficient 𝑐 𝑓 can be assumed as for a cir-

cular cylinder according to [1]. This is because all the analyses
started with the case of a circular cylinder with the same diam-
eter as the torus. All parameters of the numerical model of the
cylinder and the torus are also the same. Additionally, the FVM
mesh was selected so that the 𝑐 𝑓 values for the circular cylinder
were the same as those given in [1]. Table 3 shows the values of
this coefficient used for calculations, as well as the values of 𝑞𝑝 .

Table 3
List of parameters for calculating the wind force

𝑤 [m/s] 11 15 22 33.5

𝑞𝑝 [Pa] 75.6 140.6 302.5 701.4

𝑐 𝑓 [–] 0.66 0.69 0.72 0.75

The first step was to obtain the results of the aerodynamic
forces depending on the 𝛽 angle and wind velocity. These results
were approximated by the function given in equations (3) or (5).
Angle 𝛽 is expressed in degrees. This force must be doubled for

the entire torus. The formula for estimating the horizontal force
𝑃𝑧 perpendicular to the drag force is:

𝑃𝑧 = 𝑐 𝑓 𝑞𝑝𝑏𝑅 [−0.91+0.31arctan (4.10−0.07𝛽)] . (5)

For the entire torus, this force is set to zero.
Both equations have already been presented in [2]. This article

also mentioned that formulas (2) and (4) apply to 𝛽 angles from
0 to 90°. In other cases, the symmetry of the relationship with
respect to the vertical axis 𝛽 = 90º is used. The errors in the
approximation of the 𝑃𝑥 force range from –1% to +11%. They
refer to the highest and lowest wind velocity at angles 𝛽 of 0° and
22.5°, respectively. Regarding the force 𝑃𝑧 , these errors range
from 7% to 9% at the two highest values of velocity and angle
𝛽 = 45°.

The values of the 𝑃𝑦 component force (Fig. 13), obtained for
the purposes of the present paper, reach values close to even
62% of the 𝑃𝑥 force. For the whole toruses, these forces must
be doubled.

Fig. 13. Variations of the total aerodynamic lift force of the half of the
torus with angle 𝛽 and velocity of wind 𝑤 using FSI

However, comparing them with the weight of a fragment of
an actual half-torus-shaped water slide made of laminate with a
thickness 𝑔𝑟 = 1 cm and volume weight 𝛾 = 20 kN/m3:

𝐺 = 𝛾
1
2

(
4𝜋2 𝑏

2
𝑅

)
𝑔𝑟 , (6)

it turned out that they almost did not matter in the assessment
of structural safety. As mentioned earlier, the topics related to
vortex excitation and dynamic interactions go beyond this stage
of the analysis. The results presented were obtained to facilitate
the estimation of aerodynamic forces on the basis of the Euro-
pean standard. With this assumption, the maximum values of
the drag coefficient of the cylinder perpendicular to the direc-
tion of the wind flow, calculated using the Fluent program, were
comparable to those contained in the standard [1], determined
at the maximum value of the velocity pressure. The average
values of these coefficients, used in these analyses, were ap-
proximately 5% lower than the standard values. As shown in
the previous parts of this paper, in the paper [5], based on tests
in a wind tunnel, the actual values of the drag coefficient for
a straight cylinder are even 30% lower than the standard. For
these reasons, the forces obtained by the numerical method, with
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more restrictive rules for the discretization of the boundary layer
by reducing the height of the elements closest to the obstacle
wall, would be correspondingly smaller than those shown in the
graphs. Formulas (2) and (4) are therefore engineering estimates
of the aerodynamic forces acting on objects in the shape of a
half or a whole torus.

The obtained dependencies were verified using additional
models of the flow around the halves of a horizontal torus:
1) with a radius 𝑅 = 6 m and a diameter 𝑏 = 1 m and 2) 𝑅 = 11 m
and 𝑏 = 0.8 m. The results are as follows: the aerodynamic drag
resulting from the application of equation (2) is greater than 𝑃𝑥

force obtained from the numerical analysis by approx. 1) 8%
and 2) 13%. On the other hand, 𝑃𝑧 force hardly changes after
increasing the radius. Therefore, formula (4) should be corrected
to the form:

𝑃𝑧 = 𝑐 𝑓 𝑞𝑝𝑏3 [−0.91+0.31arctan (4.10−0.07𝛽)] . (7)

However, at this stage of the research, the obtained relation-
ships are appropriate for curved pipes with 𝑅/𝑏 = (3.0÷13.0),
in which the track diameter 𝑏 = (0.8÷1.0) m. For other values
of 𝑏, the derived formulas should be treated as a sample estimate
of the aerodynamic forces. Reducing the diameter 𝑏 would re-
duce the pressure difference on both sides of the thin pipe. The
value of the number Re would also decrease, so a completely
different calculation model should be made, without the possi-
bility of using the wall functions. It should also be taken into
account that the value of the interference factor of fragments
of a torus depends on the radius 𝑅 (as well as on the distance
between cylinders). In the case of a torus fragment, the derived
formulas are correct only when this fragment tangentially turns
into a cylinder, for example, so there are no free ends at which
air streams would be detached.

Difficulties in estimating the aerodynamic forces acting on
objects of unusual shape result, inter alia, from the fact that the
reference surfaces, e.g. of an object in the shape of a half-torus
set at different angles to the horizontal, as well as its fragments,
do not correspond to the surfaces resulting from the projection
of the object on a plane perpendicular to the direction of the
wind velocity or the surface of the equivalent cylinder (with the
total length of the axis of the half of the torus and the diameter
equal to the diameter of the torus track). For example, after
adopting the reference surface resulting from the projection of
half of the horizontal torus onto the plane perpendicular to the
direction of the wind velocity with 𝑤 = 11 m/s, the aerodynamic
resistance may be lower even by 22% in relation to the results of
the numerical calculations. On the other hand, after assuming
the surface resulting from the projection of the torus placed
at an angle of 22.5° on the vertical plane perpendicular to the
direction of the wind velocity, the aerodynamic resistance at the
hurricane wind velocity may increase by 73% in relation to the
numerical calculations.

More importantly, objects in the shape of a bent pipe are
additionally affected by a horizontal force perpendicular to the
aerodynamic drag, which cannot be estimated according to the
wind Eurocode. Therefore, in this study, the forces of wind influ-
ence on the cylinders and a torus-shaped object were determined
and compared.

Similarly to a single cylinder, the airflow around two cylinders
is modeled with a length equal to the length of the arc of the
quadrant of the torus. Some data and results have been described
in the paper [40]. The subject of the analysis is the reactions of
individual parts of the cylinders as a result of changes in flow
parameters, e.g. pressure. For this purpose, the two cylinders are
divided into eight equal parts (see Fig. 14). The cylinders are in
tandem arrangement, as well as that the plane containing their
axes is yawed at an angle of 45°. The figure shows the directions
of the action of the aerodynamic forces and the division of the
model into eight parts. The dimensions and FVM mesh are
selected analogously to the case of a single cylinder and a torus.

Fig. 14. Longitudinal section of the numerical model of flow around
two cylinders and their division into eight parts

As shown in [40], Fig. 15 illustrates the variation of the flow
stream near half the torus and the two cylinders in tandem
arrangement, aligned horizontally at hurricane wind velocity,
when the resultant aerodynamic resistance becomes the integer
average. The flow is unsteady and turbulent, but is more sym-
metric for the cylinders. The track behind the windward cylinder
is not closed before the leeward cylinder. However, the aerody-
namic resistance increases in relation to the torus. The effect of
turbulent and random flow in the vicinity of the leeward half of
the torus yawed from the horizontal plane at the angle 𝛽 = 45°
continues. Thus, there is a clear influence of the curvature of the
torus axis on the pressure and velocity distribution throughout
the object. Meanwhile, in the case of two cylinders positioned at
the angle 𝛽 = 45° to the direction of the wind velocity and sepa-
rated by a distance comparable to the double value of the torus
radius 𝑅, this effect disappears, and the influence of possible in-

Fig. 15. Distribution of the streamlines in the middle section of the
flow: (a) half of the torus positioned horizontally and (b) two cylinders

in tandem arrangement, at 𝑤 = 33.5 m/s
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terference of velocity fields on the values of aerodynamic forces
is negligible. The results of numerical analyses coincide with
the classification of the characteristic areas of aerodynamic in-
terference of two cylinders available in the literature (e.g. [41]),
according to which the cylinders in the configuration such as in
this paper are not subject to interference. They behave differently
from, for example, on paper [16].

The graphs in Fig. 16 show the values of the aerodynamic
forces in various parts of the torus and cylinders arranged hori-
zontally and at an angle of 𝛽 = 45°. The example notation ‘1-2’
on the horizontal axis means a fragment of an object consisting
of two parts, and ‘1-8’ – the whole object. The aerodynamic
forces on the vertical axis are the total reactions of the analysed
part and the previous parts.

Fig. 16. Dependencies of the total aerodynamic forces of the torus
fragments and two cylinders arranged horizontally and at the angle

𝛽 = 45° on the wind velocity 𝑤

The graphs show that the value of the drag force of a half of the
horizontal torus is approx. 56% lower than the resistance force
of two cylinders. On the other hand, the value of the drag force
of half the torus yawed at an angle of 45° is approx. 38% lower
than the force of two cylinders with an axis connecting their
centers yawed at an angle of 45° to the direction of the wind
velocity. A more than double reduction of the wind velocity
(from 33.5 m/s to 15 m/s) in the half-torus model reduces the
aerodynamic drag and the 𝑃𝑧 force by approx. 78%.

3. CONCLUSIONS
In this paper, the aerodynamic forces acting on a torus-shaped
structure fragment were determined, which is impossible by the
existing EN 1991-1-4 standard (the so-called wind standard).
These forces were obtained by FSI (force transfer) and UDF
methods. It was possible to conclude that the results obtained
by the UDF and FSI methods are sufficiently compatible. Using
UDF instead of FSI is more convenient and the accuracy of
calculations is almost the same. It allowed for the determination
of wind forces acting on any part of half of a torus directly in
the Fluent and was used as a tool for verifying the analyses of
FSI and exact force transfer.

The paper presents new dimensionless graphs: 1) variations
of the aerodynamic forces 𝑃𝑥 and 𝑃𝑧 with the 𝛼 and 𝛽 angle
using FSI and 2) variations of the total aerodynamic forces 𝑃𝑥

and 𝑃𝑧 with angle 𝛽 and velocity of wind 𝑤 using FSI. They
denote the ratio of the value of the aerodynamic force com-
ponent obtained from numerical analysis to the force that can
be calculated analytically. These graphs show that these forces
differ by up to three times. Therefore, a function to correct for
these force values should be applied. The new formula for esti-
mating the horizontal force 𝑃𝑧 perpendicular to the drag force
was established. Equations determined in the author’s previous
papers were verified using additional models of the flow around
the halves of a horizontal torus: 1) with a radius 𝑅 = 6 m and
a diameter 𝑏 = 1 m and 2) 𝑅 = 11 m and 𝑏 = 0.8 m. 𝑃𝑧 force
hardly changes after increasing the radius. The action of the
wind is the dominant load for the water slide. Variations of the
total aerodynamic lift force of the half of the torus with angle
𝛽 and the velocity of wind 𝑤 using FSI were presented. It turns
out that they almost do not matter in the assessment of structural
safety. In addition, useful engineering parameters (such as the
pressure distribution and the air velocity field) were determined.

Due to difficulties in estimating the reference surfaces of the
object in the shape of a torus, the forces of wind influence
on two cylinders and a torus-shaped object were obtained and
compared. It turned out that toruses cannot be replaced with two
cylinders of a length equal to the length of the arc of the torus
quadrant. The value of the drag force of half of the horizontal
torus is approximately 56% lower than the resistance force of two
cylinders. On the other hand, the value of the drag force of half
the torus yawed at an angle of 45° is approximately 38% lower
than the force of two cylinders with an axis connecting their
centers yawed at an angle of 45° to the direction of the wind
velocity. A more than double reduction of the wind velocity
(from 33.5 m/s to 15 m/s) in the half-torus model reduces the
aerodynamic drag and the 𝑃𝑧 force by approximately 78%.

However, the numerical results are influenced by: 1) the pre-
cision of numerical models dictated by the lengthy calculations,
2) the adoption of the average value of the drag coefficient in
a turbulent flow by the user of the program, 3) changes in the
pressure distribution on the walls of the object at different time
steps even for the same average value of the drag coefficient, par-
ticularly in the area exposed to actions of strong pressure force
(fourth, fifth and sixth part of the torus), and 4) the method and
quality of approximation of the solutions of the Navier-Stokes
and Reynolds equations.
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It should be taken into account that the results of numerical
analyses are not sufficient to determine the forces acting on
the real object. Wind tunnel studies are needed, taking into
account the velocity profile near the ground level. A model of,
for example, a water slide with a geometry more similar to the
real object should be analysed, taking into account the flanges
connecting the individual parts and the close location of the ride
tracks.
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