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Experimental and Numerical Study of Wind Loads for Newly-proposed Steel Wind
Turbine Towers
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In this study, a wind tunnel test and a Computational Fluid Dynamics (CFD) simulation were carried out for a steel
modular tower and a multi-column tower, which were proposed by the Research Institute of Industrial Science & Technology
(RIST) in Korea, in order to obtain their mean wind force coefficients and to verify the reliability of the obtained mean wind
force coefficients through a comparison of the results from the wind tunnel test and CFD simulation, which were carried out by
the Daewoo Institute of Construction Technology. The proposed steel modular tower has an octagonal cross section for easy
transportation in the phase of construction. The proposed steel multi-column tower consists of four columns mounted on top of
a conventional circular-type main column, with a smaller cross-sectional area relative to the main column to mitigate the wind
load on the tower. Through the wind tunnel test and CFD simulation, the towers’ mean wind force and moment coefficients,
which represent the resistance of an object in the air, were obtained and compared with one another to verify the reliability of
the obtained mean wind force coefficients.

INTRODUCTION

Recently, the size of blades has gotten larger than those of the
past due to the high demand for large-capacity wind turbines. The
increasing size of blades to meet the high demand for large-capacity
wind turbines leads to the increasing size of the support structures.
Due to their increasing size, the blades are inevitably exposed to
larger amounts of loads (e.g., thrust loads, wind loads, wave loads,
and so on), and therefore the support structures, including the
towers and foundations, are required to be designed more efficiently
from the cost perspective. The investigation of wind loads on
wind turbine towers is one of the necessary steps in designing
them.

Previous studies of wind loads on wind turbine towers were
mainly done with a conventional circular cross-sectional shape
tower. A method was proposed to estimate the design wind
loads on the blades and tower through a wind tunnel test (Kawai
et al., 2008). The flow field behind the wind turbine towers was
investigated numerically (Hagen et al., 2011). A wind tunnel study
was conducted to quantify the wind loads and evolution of the
unsteady vortex structures in the near wake of a wind turbine
model (Hu et al., 2012).

In this study, a wind tunnel test and a Computational Fluid
Dynamics (CFD) simulation were carried out for a steel modular
tower and a multi-column tower, which were proposed by the
Research Institute of Industrial Science & Technology (RIST) in
Korea, in order to obtain their mean wind force coefficients and to
verify the reliability of the obtained mean wind force coefficients
through a comparison of the results from the wind tunnel test and
CFD simulation. The feasibility study of the proposed towers for a
10 MW wind turbine is currently being researched with funding
from the Korean Government. The proposed steel modular tower
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has an octagonal cross section for easy transportation in the phase
of construction. The proposed steel multi-column tower consists of
four columns mounted on top of a conventional circular-type main
column, with a smaller cross-sectional area relative to the main
column to mitigate the wind load on the tower. The results were
compared with one another to verify the reliability of the obtained
mean wind force coefficients, which represent the resistance of an
object in the air or water and depend on the Reynolds number.

WIND TUNNEL TEST

The wind tunnel test was carried out at the Daewoo Institute
of Construction Technology. The wind tunnel laboratory is a
boundary layer circuit-type wind tunnel with test area dimensions
of 3 m × 2 m × 20 m (width × height × length) and a wind speed
capacity of 005∼30 m/s. The schematic view of the wind tunnel
test laboratory is shown in Fig. 1.

Two different methods of the wind tunnel test were conducted in
this study. For the wind tunnel tower models of a conventional
circular tower, a modular tower with an octagonal cross section,
and a multi-column tower consisting of four columns with a smaller
cross-sectional area relative to the main column, a 1/300 scale
was chosen to reduce the wind tunnel blockage effects that can be
caused by rotating blades in the wind tunnel test in the next section.
The wind tunnel model was attached to a six-component load cell,
which was located at the bottom of each model, to measure the

Fig. 1 Schematic view of the wind tunnel test laboratory
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forces and moments under a uniform wind flow. Especially for the
multi-column tower, additional wind tunnel section models were
made to investigate the effect of the distance between the four
columns on the value of the wind force coefficients. A 1/100 scale
was chosen to ensure that the model was stiff enough not to vibrate
during the wind tunnel test. To measure the forces on the wind
tunnel model, a three-component load cell was attached to the
end of the model. A detailed description of the wind tunnel tests
described above is given in the next section.

Outline of Wind Tunnel Experiment

The 1/300-scale wind tunnel models were exposed to a uniform
wind flow in the wind tunnel test. The wind speed was set to
10 m/s, which is the same value as that for the CFD simulation. The
real-scale models are shown in Fig. 2 for a conventional circular
tower, a modular tower with an octagonal cross section, and a

(a) Conventional circular tower (b) Modular tower

(c) Multi-column tower

Fig. 2 A conventional circular tower, a modular tower, and a
multi-column tower

Fig. 3 Model setup

multi-column tower consisting of four columns with a smaller
cross-sectional area relative to the main column. The height of the
models is 120 m, and the bottom width of the cross section is
7.75 m. A six-component load cell of a strain-gauge type was used
to measure the forces and moments for a small-scale model in the
wind tunnel test. It was highly convenient for the measuring forces
and moments to be located at the bottom of the small-scale model.
The model setup is shown in Fig. 3.

In this study, two different definitions of axes are used here:
structural axes and wind axes. Structural axes are defined in Fig. 4a
and changed according to the rotation angle �. However, wind axes
remain in their original position at 0 degrees and are unchanged
according to �, as shown in Fig. 4b. The turntable to which the
experimental model is attached is set to be rotated stepwise by
10 degrees in a counterclockwise direction, as shown in Figs. 4a
and 4b, and the forces and moments are measured at each 10
degrees until 350 degrees is reached. The initial position of the
models at 0 degrees is shown in Fig. 5. The forces and moments for
the structural axes are directly measured from the six-component
load cell attached to the small-scale model. The mean wind force
and moment coefficients for the structural axes and wind axes are
calculated by Eqs. 1 to 4, respectively:

CF 1x = 8F̄x/qHBH9= Force coefficient at x-axis (1)

CF 1 y = 8F̄y/qHBH9= Force coefficient at y-axis (2)

CM1x = 8M̄x/qHBH
29= Moment coefficient at x-axis (3)

CM1y = 8M̄y/qHBH
29= Moment coefficient at y-axis (4)

Fig. 4 Definition of structural axes and wind axes
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Fig. 5 Initial position of models at 0 degrees

where

F̄x1 F̄y = Mean forces at x-axis and y-axis
M̄x1 M̄y = Mean moments at x-axis and y-axis

B = reference width of a structure
H = reference height of a structure

qH =
1
2
�V 2

where

�= air density
V = mean wind speed

For the multi-column tower, an additional 1/100-scale wind
tunnel section model test for a cross-sectional width of 7 m was
carried out to investigate the effect of the distances between the
four columns on the value of the mean wind force coefficients. The
distances between the centers of the columns were set to 25 mm
and 55 mm, respectively. The wind tunnel section model setup for
the 25 mm distance and 55 mm distance is shown in Fig. 6 and
Fig. 7, respectively. The diameter of each column is 15 mm, and the
length of each column is 1400 mm. The length of each column was
selected so as to be long enough to reduce the wind tunnel blockage
effect that can be caused by shorter distances between walls to
which the model is attached. The wind tunnel section model was
scaled to correlate with the cross-sectional shape of the multi-
column tower. A three-component load cell was used to measure
the forces and moments located at the end of the small-scale model.

Wind Tunnel Test Result

For the experimental models, the Reynolds number at the height
of 0.25 m is 105 × 104 for the velocity of 10 m/s. The Reynolds

Fig. 6 Wind tunnel section model setup for a 25 mm distance
between columns

Fig. 7 Wind tunnel section model setup for a 55 mm distance
between columns

number is calculated by Eq. 5:

Re =
U ·L

�
(5)

where

U = characteristic velocity
L= characteristic length
� = kinematic viscosity

The mean, standard deviation, and variance wind force coeffi-
cients in the y-axis for the wind axes are shown in Table 1. The
reference width and height for all three towers are set to 0.023 m
and 0.4 m, respectively. They are also used for calculating the mean
wind force coefficients from the CFD simulation of the small-scale
models for a fair comparison between the wind tunnel test and
CFD simulation results. However, for the real-scale models, the
exact projected area of each tower is considered in the calculation
of the mean wind force coefficients.

It is shown that the modular tower with an octagonal cross
section has the highest wind force coefficients, and the multi-
column tower and conventional circular tower have the same value
of 0 degrees for the wind force coefficients. However, the multi-
column tower has the lowest wind force coefficient of 0.74 at 40
degrees. Therefore, the shape of the multi-column tower is shown to
be effective in reducing the mean wind loads. For the multi-column
tower and modular tower, the wind force coefficients in the y-axis
for the wind axes are shown in Fig. 8 and Fig. 9, respectively.
In Fig. 8, it is shown that the mean wind force coefficients at 0
degrees and 90 degrees are slightly different due to experimental
errors even though the multi-column tower is symmetric about
90 degrees. For the circular tower, the wind force coefficient for
the wind axes is invariant with the wind direction, and therefore
in any direction, its value is 0.80. The wind force and moment

Circular Multi-column Modular

0 degrees 0 degrees 40 degrees 0 degrees

Mean 0080 0080 0074 0090
Standard deviation 0006 0005 0015 0017
Variance 00002 00001 00009 00016
Force (N) 0045 0045 0042 0051

Table 1 Mean, standard deviation, and variance wind force coeffi-
cients at the y-axis for wind axes
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Fig. 8 Mean wind force coefficients for a multi-column tower for
wind axes.

Fig. 9 Mean wind force coefficients for a modular tower for wind
axes.

coefficients for each rotation angle � for the multi-column tower
and modular tower are shown in Fig. 10 and Fig. 11, respectively.

The wind tunnel section model test results for two different
distances between the columns, 25 mm and 55 mm, are given in

Fig. 10 Mean wind force and moment coefficients for a multi-
column tower for structural axes

Fig. 11 Mean wind force and moment coefficients for a modular
tower for structural axes

12 m/s 15 m/s

55 mm 1.15 1.17
25 mm 1.09 1.07

Table 2 Mean wind force coefficients for the wind tunnel section
model for different distances between columns (55 mm and 25 mm)

Table 2. It is shown that the mean wind force coefficient values are
decreasing as the distance between the columns is decreasing. Under
a 15 m/s uniform wind flow, the mean wind force coefficients are
decreased by 8.54% as the distance between the columns decreases.
It is shown that for the configuration of the three circular cylinders
in an equilateral-triangular arrangement, the mean wind force
coefficients for each circular cylinder are increasing as the spacing
ratio (the distance between the centers of the cylinders divided by
the diameter of a cylinder) is increasing (Pouryoussefi et al., 2009).

In the wind tunnel test, the test setup, in which a three-component
load cell was attached to the end of the wind tunnel section model,
was designed to measure the total forces applied to each member
subjected to the wind flow. To calculate the forces acting on each
member rather than the sum of the forces acting on each member,
an additional 2D CFD simulation was conducted for the wind tunnel
section model. A detailed description of the 2D CFD simulation
for the wind tunnel section model described above is given in the
next section.

CFD SIMULATION

In this section, the CFD simulation was carried out for 1/300
small-scale models and real-scale models to obtain the mean
wind force coefficients. The CFD simulation results were verified
by the wind tunnel test results. For the real-scale models, the
Reynolds number is increased dramatically due to the change of
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scale compared to that for the small-scale models. For the velocity
of 10 m/s, the Reynolds number for the two models is 407 × 106.

During the simulation, the wind velocity for the small-scale
models was set to 10 m/s, and the wind velocities for the real-scale
models were set to 10, 30, 50, and 70 m/s. In this study, the finite
volume method of the commercial software ANSYS CFX v13.0
was used for the discretization of the Navier-Stokes equations with
the Shear Stress Transport (SST) turbulence model (ANSYS, 2010).
The SST model is effective due to the use of the k–� model in
regions near the walls and the k–� model in regions away from the
walls.

Additionally, the 2D CFD simulation of the wind tunnel section
model was conducted to calculate the forces on each column. The
wind velocity during the simulation was set to 12 m/s and 15 m/s.
The distances between the centers of the columns were set to
25 mm and 55 mm, respectively. To verify how the mean wind
force coefficients of each column vary depending on the distances
between the columns, the reference mean wind force coefficients
for a single column were also calculated.

Computational Models

Figure 12 shows the computational domain and mesh used in the
simulation. It is shown that the wind velocity is applied to the
x-axis that is perpendicular to the left plane of the domain. The
mesh is selected to be the Hexahedral type, and the computational
domain (360 m × 120 m × 240 m) is set to be large enough to
minimize the effect of the boundary conditions. Basically, the mesh
(20 m × 20 m × 180 m) around the structure was designed to be
dense enough to guarantee a high accuracy of flow prediction,
such as the velocity, streamline, pressure change, and vortices.
Furthermore, the value of the dimensionless wall distance y+ is
required to be below 1 since a finer mesh is used when the mesh is
more closely around the structure in the computational domain
(20 m × 20 m × 180 m).

Simulation Results

The mean wind force coefficients and forces from the wind tunnel
test and CFD simulation are shown in Table 3. The reference width
and height of the structure for calculating the mean wind force
coefficients are set to 0.023 m and 0.4 m, respectively. The mean
wind force coefficient values from the CFD simulation are shown
to be lower than those from the wind tunnel test; the difference is
within 10% for the circular tower and multi-column tower and
slightly above 10% for the modular tower. In consideration of the
experimental and numerical errors, it is believed that the results
from the wind tunnel test and CFD simulation are reliable.

For the real-scale models, the mean wind force coefficients
are shown in Table 4. In the calculation of the mean wind force
coefficients, the exact projected area of each tower is considered. It

Fig. 12 Computational domain and mesh used for the CFD simula-
tion.

Circular Multi-column Modular
tower tower tower

Wind tunnel test
Mean 0.80 0.80 0.90
Force (N) 0.45 0.45 0.51

CFD simulation
Mean 0.73 0.72 0.78
Force (N) 0.42 0.41 0.44

Table 3 Mean wind force coefficients and forces at the x-axis from
the wind tunnel test and CFD simulation for small-scale models

Circular Multi-column Modular
tower tower tower

10 m/s 0.37 0.32 0.73
30 m/s 0.32 0.26 0.73
50 m/s 0.30 0.25 0.74
70 m/s 0.30 0.25 0.76

Table 4 Mean wind force coefficients at the x-axis from the CFD
simulation for real-scale models

is shown that the mean wind force coefficients for the multi-column
type are smaller than those for the circular and octagonal types.
Due to the difference in the Reynolds numbers for the wind tunnel
test models and real-scale models, the mean wind force coefficients
do not coincide. It is generally known that for the circular cross
section, the mean wind force coefficient decreases as the Reynolds
number increases (Schewe, 1983; Holmes, 2001). In this study, the
Reynolds number is 105 × 104 for the wind tunnel test model and
407 × 106 for the real-scale model. Therefore, the results for the
wind tunnel test and CFD simulation seem to be consistent with
the general tendencies of the effect of the Reynolds number on the
wind force coefficients.

In contrast, the modular tower with an octagonal cross section is
shown to be independent of the Reynolds number. Given that the
Reynolds number is the ratio of the inertial forces to the viscous
forces in the flow, it is generally known that sharp-edged bodies are
much less dependent on the Reynolds number due to their lower
dependence on the viscous forces in the flow (Holmes, 2001). It is
believed that for the real-scale models, the validation of the CFD
model for the circular tower can be done through comparison with
previously published results, as described above. For the modular
tower with a sharp-edged octagonal cross section, it is believed that
the validation of the CFD model can be done through a wind tunnel
test due to the tower’s lower dependence on the Reynolds number.

The velocity and pressure for the circular tower, modular tower,
and multi-column tower at the height of 104 m are shown in
Fig. 13. A wide spread of the wake region of the octagonal type
is shown to increase the wind force coefficient compared to the
other two types. The pressure distribution is shown representatively
for only the velocity of 70 m/s. For different wind speeds, the
pressure distribution is almost the same as that for the velocity
of 70 m/s; the highest pressure value is located at the stagnation
point, and the lowest pressure value is located where the velocity
is increasing. The maximum pressure difference exists from the
stagnation point to the wake region, and it was 105, 940, 2600, and
5000 Pa for the velocities of 10, 30, 50, and 70 m/s, respectively.

For the wind tunnel section model with 25 mm spacing and
55 mm spacing between columns, the mean wind force coefficients
from the wind tunnel test and CFD simulation are shown in Table 5.
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Fig. 13 Pressure and velocity contour plots for a circular tower, a
modular tower, and a multi-column tower

25 mm 55 mm

Wind CFD Wind CFD
tunnel test simulation tunnel test simulation

12 m/s 1.09 1.06 1.15 1.20
15 m/s 1.07 1.03 1.17 1.17

Table 5 Mean wind force coefficients from the wind tunnel test
and CFD simulation for the wind tunnel section model for different
distances between columns (25 mm and 55 mm)

It is shown that the difference between the values is within 5%. It
is also shown that the CFD simulation results are consistent with
the wind tunnel test results in that the mean wind force coefficient
values are decreasing as the spacing between the columns is
decreasing. In Fig. 14, the pressure, velocity contour, and turbulence
kinetic energy plots for a single column, columns with 25 mm

Fig. 14 Pressure, velocity contour, and turbulence kinetic energy
plots for a single column, columns with 25 mm spacing, and
columns with 55 mm spacing

25 mm 55 mm

Ref. Col. 1 Col. 2 Col. 3 Col. 1 Col. 2 Col. 3

12 m/s 0.83 0.97 0.92 0.37 0.93 1.14 0.40
15 m/s 0.82 0.96 0.88 0.35 0.93 1.12 0.35

Table 6 Mean wind force coefficients of three columns from a
CFD simulation for the wind tunnel section model for different
distances between columns (25 mm and 55 mm)

spacing, and columns with 55 mm spacing are shown. The mean
wind force coefficients for each column from the CFD simulation
are shown in Table 6. Due to the symmetrical arrangement of the
four columns, as shown in Fig. 14, the mean wind force coefficients
of the two columns located in the middle of the other two columns
have identical values. The mean wind force coefficients of only
three columns are shown in Table 6. It is shown that for the
columns with 55 mm spacing, the increase in the values of the
mean wind force coefficients is due to the increase in the value of
the mean wind force coefficient for column 2, compared to the
columns with 25 mm spacing.

CONCLUSIONS

In this study, a wind tunnel test and a CFD simulation for small-
scale wind turbine tower models were carried out by the Daewoo
Institute of Construction Technology in Korea. For a circular tower,
a modular tower, and a multi-column tower, the reliability of the
wind tunnel test and CFD simulation for 1/300-scale models was
verified. Furthermore, a CFD simulation for real-scale models was
carried out that considered the Reynolds number effect. For the
multi-column tower, an additional 1/100-scale wind tunnel section
model test was carried out to investigate the effect of the distance
between the four columns, and the wind tunnel test results were
compared with the results from the 2D CFD simulation.

From a comparison of the results from the wind tunnel test and
CFD simulation for the 1/300 small-scale models, it is believed
that the results are reliable in consideration of the experimental and
numerical errors. The difference between the values was shown to
be within 10% for the circular tower and multi-column tower. For
the modular tower, it was slightly above 10%. For the wind tunnel
section model, the difference between the values from the wind
tunnel test and 2D CFD simulation was shown to be within 5%.

It was also shown that the force coefficients obtained from the
real-scale models through the CFD simulation have smaller values
than the force coefficients obtained from the small-scale models
through the wind tunnel test due to the Reynolds number effect;
the Reynolds number is 105 × 104 for the small-scale models and
407 × 106 for the real-scale models. For the circular tower, the force
coefficient obtained from the wind tunnel test is 0.80, and the force
coefficient obtained from the CFD simulation is 0.30∼0.37. It is
generally known that the flow patterns around a circular shape are
highly dependent on the Reynolds number; thus, a change in the
flow patterns results in changes in the wind force and moment
coefficients. For the multi-column tower, it was shown that the
mean wind force coefficient values are decreasing as the distance
between the columns is decreasing.

In this study, the reliability of the wind tunnel testing and CFD
simulation for the newly proposed steel wind turbine towers was
discussed, and the CFD simulation for the real-scale models was
carried out. Further research on the loading effect of the blades and
nacelle on the wind turbine towers will be done, and additional
cross-sectional shapes for a wind turbine tower will be considered.
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