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Abstract

The Computational Fluid Dynamics (CFD) analysis of wind actions on a cube and on the hyperbolic surface of a mast-supported tensile 

structure is presented. As standard in Computational Wind Engineering (CWE) the models were analyzed in incompressible fluid flow. 

For the CWE study, the Reynolds-Averaged Navier-Stokes (RANS) equations were solved with two of the most widely used turbulence 

models, Realizable k−ε and SST k−ω. The validation of the CWE models included the comparison of the numerically determined 

pressure coefficient fields with existing Wind Tunnel test (WT) results. The membrane forces and the displacements of the membrane 

roof were calculated by the Dynamic Relaxation Method (DRM), corresponding to the different (CWE and WT) pressure coefficient 

fields of the tensile roof. In addition to the pressure coefficients, the membrane force and the displacement fields and their significant 

values were also compared. It is presented that both turbulence models provide a suitable solution; the pressure coefficients and the 

membrane forces are also acceptable approaches to the experimental results.

Keywords

tensile membrane structures, Computational Wind Engineering, wind actions, pressure coefficients

1 Introduction
Tensile membrane structures have been increasingly 
applied in the last decades. They are widely used, from 
small tents providing shelter against rain or sun to large-
span roofs over exhibition halls or stadiums. These struc-
tures with exceptional shape are composed of synthetic 
membrane materials, cables, supporting arches, and beams. 
The membrane only resists tension; its bending stiffness is 
negligible [1–4].

The main advantages of tensile membrane structures 
are their light weight, large attainable free-span, which 
can be covered economically without internal support, 
efficient transportation, and fast installation. They might 
be permanent, deployable, or temporary structures [5–7]. 

Regarding their design procedure, tensile membrane 
structures diverge from structures composed of conven-
tional materials like concrete, wood, or steel. For the lat-
ter, the shape is typically determined before any structural 
analysis process; then internal forces and displacements 
are calculated. This design order cannot be applied for 
tensile membrane structures because their prestress forces 
are closely related to their equilibrium shape.

The design process of tensile membrane structures can be 
divided into four parts: (a) form-finding, (b) cutting pattern 
generation, (c) determination of the construction shape, and 
(d) static analysis [8]. The form-finding provides an equi-
librium shape according to a specific stress distribution and 
the given boundary conditions. The cutting pattern contains 
all the 2D coordinates of the material stripes that provide 
the required 3D surface after welding and prestressing. This 
shape is the so-called construction shape. The most critical 
external forces to be considered in the structural analysis of 
tensile membrane structures are wind and snow. This com-
putation is more complicated than that for conventional 
structures due to their unique and complex geometry [9]. 

The wind pressure forces on a structure are determined 
as a combination of several parameters like the local 
velocity, the structure height, topography characteristics, 
and pressure coefficients. The pressure coefficients are 
non-dimensional parameters [10]:
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where:
p	 is the pressure in a specific point on the surface,
p0	 is the far upstream pressure,
U	 is the free-stream velocity,
ρ	 is the fluid density.

Design codes provide Cp values for structures with sim-
ple shapes; but not for the hyperbolic surfaces of tensile 
membrane structures. For the wind analysis of mem-
brane structures, it is recommended to carry out Wind 
Tunnel experiments or apply available experimental data 
about structures with similar geometry [11]. Wind tunnel 
tests provide precise results, but they are expensive and 
time-consuming. It also has to be mentioned that for the 
determination of Cp values, using aeroelastic models is 
highly complicated; therefore, only rigid models are used 
despite the large displacements of tensile structures [9, 12]. 
The effect of the large displacements of a membrane struc-
ture on the pressure coefficients was analyzed in [4].

Nowadays, WT measurements are more and more often 
replaced by Computational Fluid Dynamics (CFD), which 
is an engineering tool to describe fluid flows numerically. 
Computational Wind Engineering (CWE) is a CFD subfield 
aimed to describe the wind effects on buildings. Compared 
to WT experiments, CWE has advantages: lower initial 
and maintenance costs, less restrictive model scale limita-
tions, and potential to solve multi-physics problems  [10]. 
Some research in CWE simulations and WT experiments 
of membrane structures are introduced briefly in the fol-
lowing paragraphs.

Gamboa-Marrufo et al. [9] obtained experimental pres-
sure coefficients of an arch-supported tensile roof. The 
experiments were developed in an open subsonic wind 
tunnel with laminar flow by constant velocities of 20 and 
25 m/s. The analyzed wind directions, measured from the 
plane of the supporting arch, were 0°, 90°, and 45°. The 
maximum positive (0.40) and maximum negative (-1.50) 
pressure coefficients were equally detected in the case 
of 45° wind direction. The pressure coefficient fields were 
presented in detail for all analyzed wind directions.

The CWE analysis of the membrane structure men-
tioned above was introduced in [12]. ANSYS-Fluent with 
a constant velocity equal to 10 m/s was applied at the inlet 
of the analyzed domain. The pressure coefficients were 
determined based on k–ε turbulence model. The mean dif-
ference between WT and CWE Cp values was around 10%.

Sun et al. [13] determined wind pressure forces over an 
oval-shaped arch-supported membrane structure by WT 
experiments. Closed and open structures (with and without 

sidewalls) were analyzed. Furthermore, different rise-to-
span ratios, wind directions, and terrain categories were 
considered for both cases. According to their results, the 
influence of wind direction, rise-to-span ratio, and terrain 
category are more significant on the windward area than on 
the leeward side for both closed and open structures.

WT experiments in line with CWE simulations can 
lead to a better understanding and more precise analysis 
of tensile membrane structures.

The aim of the current research was to validate and 
compare CWE calculations based on different turbulence 
models. In the first step, a cube was analyzed, because 
of the relatively large number of available experimen-
tal and numerical results to compare. In the second step, 
a mast-supported membrane structure was examined. The 
Cp values were calculated on the basis of different tur-
bulence models and compared with experimental results 
of the same structure. Since in the case of the design of 
membrane structures the membrane forces are the most 
important variables, the membrane force distribution was 
determined according to different Cp fields.

2 Computational Wind Engineering (CWE)
CWE only considers incompressible flow. The fluid 
flow behavior is described by the equation of continuity 
(Eq. (2)) and the Navier-Stokes equations (Eq. (3)) (using 
Einstein notation):
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where:
Ui	 are the velocity components in the  directions in a
Cartesian coordinate system (i = 1, 2, 3),
p	 is the pressure,
v	 is the fluid kinematic viscosity,
fi	 is the vector representing body forces.

There are different solution strategies for the simulation of 
turbulence motions in the flow from the most precise Direct 
Numerical Simulation (DNS), where all eddy motions 
are resolved, to the Reynolds-Averaged Navier-Stokes 
Simulation (RANS) where all eddy motions are modelled. 
Since the simulation cost of the DNS is extremely high, 
it  is not applied for practical CWE problems. There are 
several methods between the two extremes, for example in 
the case of Large Eddy Simulation (LES) the larger eddies 
are resolved, but the smaller ones are modelled [10].
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In the current research RANS was applied because 
of its relatively low computational cost. Among several 
available turbulence models, the Realizable k–ε and the 
SST k–ω model were selected for the analysis.

3 CWE analysis of a cube
As a first step of validating the applied CWE technique and 
comparing the different turbulence models, a cube was ana-
lyzed. Many authors have deeply studied the flow around 
a cube, providing WT and CWE Cp values in the literature. 

Richards et al. [14] obtained wind pressures on a 6 m 
cube immersed in the Atmospheric Boundary Layer 
(ABL). First, the pressure was measured on the surface 
of a full-scale cube located in an "open-country" at the 
Silsoe Research Institute, UK. Later, they carried out WT 
experiments also on a scaled model  [15–16]. Castro and 
Robins  [17] completed the WT experiments of a 20  cm 
cube immersed in uniform, and boundary layer upstream 
flows. Irtaza et al. [18] compared the results based on the 
full-scale, so-called Silsoe cube, WT tests and CWE calcu-
lations. Amaya-Gallardo et al. [19] analyzed the wind pres-
sures on 20 cm and 40 cm cubes immersed in boundary 
layer flow; their studies were based on WT tests and CWE.

In the current research, the CWE analysis of the full-scale 
6 m cube was carried out. The domain sizes were estab-
lished according to [20], 30 m between the cube front face 
and the inlet of the domain, 30 m between cube side parallel 
with the wind and the lateral boundary, 30 m between the 
top of the cube and the top of the domain, and 90 m between 
the leeward side of the cube and the outlet of the domain. 
Because of symmetry, only half of the cube was considered.

The inlet wind velocity profile was given by the power- 
law equation:
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where:
U	 is the velocity given at a specific point,
Z	 is the height in a specific point,
Uh	 is the velocity at certain reference height,
α	 is the velocity exponent which depends on the
terrain roughness,
Zh	 is the reference height.

Based on ASCE 7 Standard [21] α was selected equal to 
1/9.5, and according to [14–16], the velocity at the cube 
height (6 m) was set to 10 m/s. The steady-state CWE 
analysis was completed on the basis of Realizable k–ε 
and SST k–ω turbulence models. Different meshes were 

applied for the different turbulence models with approxi-
mately 1.5 million (Realizable k–ε) and 4 million (SST k–ω) 
elements.

Fig. 1 shows the mesh for the Realizable k–ε model. The 
Coupled discretization solver was used to solve the fluid 
equations, and the convergence criterion for the residuals 
was 1 × 10–5.

ANSYS-Fluent 2019 R3 was used for the computations. 
The velocity profile in the symmetry plane based on the 
Realizable k–ε model is presented in Fig. 2.

Fig. 3 depicts experimental and CFD-based pressure 
coefficients for both full-size and scaled models along the 
centerline in the vertical plane parallel to the wind direc-
tion (a), and along the cube horizontal centerline (b).

The largest differences between the WT and CWE val-
ues (even between the different experimental results) can be 
detected on the top and on the side parallel with the wind.

Even though a cube represents a bluff body where the 
separation of the flow is located unambiguously along the 
cube edges, there are still some discrepancies between 
the results presented by different authors. Richards and 
Hoxey [16] concluded that roof and leeward wall pressures 
are sensitive to the flow conditions i.e., velocity profile, tur-
bulence, and Reynolds number. Fig. 4 shows the distribu-
tion of the Cp values obtained by Realizable k–ε (a) and 
SST k–ω (b) turbulence models.

Fig. 2 Velocity contour profile in the domain symmetry plane 
developed by Realizable k–ε turbulence model

Fig. 1 Mesh for Realizable k–ε turbulence model
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4 Wind analysis of the mast-supported tensile structure
The results of the WT test of a mast-supported mem-
brane structure were presented in [4]. During the cur-
rent research, the same structure was analyzed with the 
tools of CWE. The fully closed tent structure is composed 
of  three parts, the vertical walls, the hyperbolic mem-
brane, and the closing cap on the top of the membrane. 
The membrane was prestressed between the edge at the 

top of the walls and the upper fixed ring. The equilibrium 
shape of the prestressed membrane was determined by 
the DRM. The prototype structure and its dimensions are 
shown in Fig. 5.

4.1 Wind tunnel test
The experimental tests were carried out in the Wind 
Engineering Laboratory of the Civil Engineering Faculty 
of the Autonomous University of Yucatan. The wind tun-
nel has a testing area of 1.5 m length and 1 m2 cross-sec-
tion. The applied scale for the rigid model was 1:30; its 
dimensions are presented in Table 1. The model with the 
measurement holes can be seen in Fig. 6.

(a)

(b)
Fig. 3 Pressure coefficients on the cube based on WT and CWE results, 
centerline in the vertical plane parallel to wind direction (a), and along 

cube horizontal centerline 

(a)

(b)
Fig. 4 Pressure coefficients on the cube surface, determined by the 

Realizable k–ε (a), and by the SST k–ω (b) turbulence models
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During the WT tests the model was subjected to lam-
inar flow with 20 and 25 m/s velocities. By rotating the 
model in the wind tunnel, Cp values were obtained in 24 
points along the horizontal centerline of the walls, in 100 
points on the membrane, and in 8 points on the cap. Fig. 7 
presents the WT-based Cp values on the roof. Due to struc-
ture symmetry, one single wind direction was studied.

4.2 CWE Analysis
The CWE analysis involved the determination of the Cp 
map on a rigid model applying the Realizable k–ε and SST 
k–ω turbulence models. For each turbulence model, a dif-
ferent mesh was constructed, according to the turbulence 
model requirements. Due to symmetry, only half of the 

structure was analyzed. The domain size was set accord-
ing to the recommended requirements defined in [20]: 5H 
for inlet, lateral and top boundaries, and 15H for outflow 
boundary, where H is the height of the model (Fig.  8). 
Table 2 presents the applied boundary conditions.

Table 1 Prototype and model specifications

Along axis Prototype Model 1:30

Width X 10 m 333.3 mm

Length Y 10 m 333.3 mm

Height Z  5 m 166.7 mm

Fig. 5 Mast-supported tensile structure, front, and top view

Fig. 6 Scale model and its measurements holes

Fig. 7 Experimental pressure coefficients on the membrane surface

(a)

(b)
Fig. 8 Domain dimensions. Lateral view (a) and front view (b)
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4.2.1 Realizable k–ε turbulence model
The full-scale structure was analyzed with Realizable k–ε 
turbulence model. A fine mesh was constructed on the 
whole domain, and especially around the model surface 
where the wind turbulence strongly influences the eddies 
(Fig. 9). The mesh had approximately 3.5 million quadratic- 
tetrahedral elements. For the analysis, scalable wall function 
was selected because it gives better approach when there are 
refined parts in the mesh [22]. To guarantee that the dimen-
sionless wall distance Y+ < 11, required for scalable wall 
function approach, the first cell height on the model surface 
was chosen to be 0.15 mm. The face sizing on the mem-
brane surface was chosen to be 0.20 m, while the maximum 
element size for the whole domain was 1.5  m. The inlet 
uniform velocity varied between 1 m/s and 60 m/s. Since 
no significant differences were found between the results, 
the Cp values are presented only for 15 m/s velocity. The 
convergence was achieved in around 2500 iteration steps.

4.2.2 SST k–ω turbulence model
The 1:30 scaled model was analyzed with the SST k–ω 
turbulence model to get the best approximation of the WT 
tests. The applied mesh had approximately 4.8 million ele-
ments. The interior of the mesh was composed of hexahe-
dral cells; the areas close to the boundaries contained pyr-
amid and tetrahedral cells. The mesh was refined around 
the model similarly to the mesh for the Realizable k–ε 
model. Uniform 20 m/s inlet velocity was applied for the 
analysis as in the case of the WT test. Stable convergence 
was achieved in 12000 iteration steps.

4.3 Pressure coefficients on the membrane surface
In the following figures the obtained pressure coefficients 
on the membrane roof are presented. Fig. 10 depicts the Cp 
values based on the Realizable k–ε model, while Fig. 11 
shows the results of the SST k–ω model. For an easier 
comparison of the WT and CWE results, the same color 
scale is used, as in Fig. 7. The character of the three com-
pared Cp fields, the areas of wind pressure and wind suc-
tion show a good match.

Fig. 12 gives the pressure coefficients on the walls at 
the measurement points of the model used for the WT tests 
(Fig. 6). The CFD results are similar and they are close to 
the experimental values as well; the most significant dif-
ferences can be detected at the side of the structure where 
the wind direction is close to tangential to the wall.

In Fig. 13 the Cp values are presented in the vertical 
symmetry plane of the structure parallel (a) and perpen-
dicular (b) to the wind direction. It can be stated that on 
the leeward side of the membrane roof all methods pro-
vided negative Cp values. Along the windward section all 
methods gave positive Cp with the exception of a relatively 
small area close to the windward edge of the roof (at the 
top of the front walls). In the section perpendicular to the 
wind direction, all methods provided negative Cp values. 

Table 2 Boundary conditions for CWE analysis

Boundary Condition

Inlet Uniform velocity

Outlet Gauge pressure, 0 Pa

Top and lateral Slip

Symmetry plane Symmetry

Walls & bottom No-slip wall

Fig. 9 Mesh for the Realizable k–ε model, zoomed view

Fig. 10 Pressure coefficients on the membrane surface based on the 
Realizable k–ε model

Fig. 11 Pressure coefficients on the membrane surface based on the 
SST k–ω model
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Both CWE models provided large negative pressure coef-
ficients at the top of the roof (there were no measurement 
points in the analyzed symmetry planes on the roof cap in 
the case of the WT tests.).

4.4 Membrane forces and displacements
Since the membrane forces and the displacements are 
the most important values during the static analysis of 
membrane structures, their distribution and their sig-
nificant values based on the different Cp fields were also 
compared. The membrane forces were calculated by the 
DRM. The following material properties of the membrane 

were used: Young's modulus in warp and weft (fill) direc-
tions, Ewarp = 600 kN/m, Eweft = 150 kN/m; shear modulus 
G = 5 kN/m. The fiber directions in the material were cal-
culated in every triangular membrane element on the basis 
of the cutting pattern [8]. (Warp direction is close to the 
radial direction.) The membrane forces in the construc-
tion shape (in the prestressed membrane without external 
loads) is presented in Fig. 14.

The membrane forces in the loaded roof were also cal-
culated according to a wind load with 1.2 kN/m2 peak 
velocity pressure. The membrane forces in warp direction 
are presented in Figs. 15–17. The maximum value can be 
detected on the windward side, at the upper supporting ring 
of the membrane.

The maximum and average values of the membrane 
forces in warp and weft directions are presented in Table 3. 
The results show that except for one significant value, the 
difference between the WT-based and the CWE-based 
results is less than 10%. The SST k–ω based maximum 
membrane force in warp direction overestimates the WT 
based value by 20%.

Displacements of the membrane in the vertical 
cross-sections parallel and perpendicular to the wind 
direction are presented in Figs. 18 and 19, respectively. 
Additionally, the maximum displacement values, which 
can be detected in the cross-section perpendicular to the 
wind direction, are shown in Table 3. Compared to the 
WT-based results, the maximum displacement is overesti-
mated by about 1% by the Realizable k–ε model, and about 
12% by the SST k–ω model.

Fig. 12 Pressure coefficients on the vertical walls

(a) (b)

Fig. 13 Pressure coefficients on the membrane centerline parallel (a) and perpendicular to the wind direction (b)
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Nonetheless, on the leeward side the CFD-based calcu-
lations underestimate the displacements.

The strain energy was also calculated for the construc-
tion shape and all load cases (Table 3). The strain energy is 
underestimated by about 5% by the Realizable k–ε model 
and overestimated by about 16% by the SST k–ω model, 
compared to the WT-based results.

5 Conclusions
The research aimed to determine the wind pressure coef-
ficients on a hyperbolic membrane roof with the help of 
CFD analysis. The RANS approach was applied with the 
Realizable k–ε and the SST k–ω turbulence models. As the 
first step of the model validation, a cube was studied and 
the results were compared with different experimental and 
numerical results from the literature. 

Fig. 14 Membrane forces in the construction shape

Table 3 Membrane forces, displacements, and strain energy comparison

Membrane 
forces, warp 

[kN/m]

Membrane 
forces, weft 

[kN/m]

Display-
cement 
[mm]

Strain 
energy

[kJ]

Max. Avg. Max. Avg. Max.

Construction 
shape 3.02 1.77 1.32 1.11 - 0.35

Wind load, 
WT 9.15 2.75 5.80 3.63 277 3.77

Wind load, 
CWE, k–ε

8.44 2.92 5.26 3.54 280 3.57

Wind load, 
CWE, k–ω

10.98 3.09 6.03 3.85 309 4.36

Fig. 15 Membrane forces based on the pressure coefficients obtained 
by WT

Fig. 16 Membrane forces based on the pressure coefficients obtained by 
the Realizable k–ε turbulence model

Fig. 17 Membrane forces based on the pressure coefficients obtained by 
the SST k–ω turbulence model

Fig. 18 Membrane displacements along the cross-section parallel to the 
wind direction

Fig. 19 Membrane displacements along the cross-section perpendicular 
to the wind direction
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In the second step, a mast-supported membrane struc-
ture was analyzed, and the CWE results were compared 
with experimental results.

It can be stated that both turbulence models presented 
a good approach to the WT-based pressure coefficients for 
the cube and the membrane structure as well. The non-
linear static analysis of the membrane roof proved that 
the membrane forces, the displacements, and the strain 
energy calculated on the basis of the CWE pressure coef-
ficients are a good approximation of the results based on 

the experimental Cp values. The results show that after 
thorough validation, CWE can be an efficient tool for the 
determination of the wind load on membrane structures.
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