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Abstract. Parked loads are a major design load case for vertical axis wind turbines (VAWTs) because of persis-
tent high loads on the rotor when in standstill conditions. This paper examines the aerodynamic parked loads of
model-scale floating troposkein VAWTs tested in a wind–wave basin to support development and validation of a
parked load model for floating VAWTs. We analyze the effects of wind speed, turbine solidity (varying number of
blades), and rotor azimuth on parked loads and investigate the impact of different wind–wave platform conditions
(comparing locked (fixed tower base) versus floating cases with and without waves). The experimental results
indicate that parked loads (for both locked and floating platform conditions) and the amplitude of turbine tilting
increase with the wind speed, which is expected. The parked loads also increase with the increase in solidity;
however, the variation in loads in a revolution decreases for three blades versus two blades. If only aerodynamic
parked loads are considered, the turbine with a floating platform exhibits lower parked loads compared to turbine
with a locked platform (fixed base) due to the effect of the tilted condition of the floating platform. Moreover,
comparison between floating with wind–wave and floating with wind only cases shows that although both ex-
hibit parked loads of similar magnitude, the former exhibits more high-frequency variation due to coupled effects
of wind, wave, and floating platform dynamics. Additionally, we present a semi-numerical tool for estimating
parked loads of VAWTs that we improved and validated to predict the floating parked loads. The semi-numerical
model accurately predicts the parked load behavior of VAWTs for the range of effects noted above. The datasets
from this experimental work can serve as benchmarks for validating other computational parked load estimating
tools, while the semi-numerical tool provides a way to gain insight into the unmeasurable quantities.

1 Introduction

Vertical axis wind turbines (VAWTs) are gaining attention as
a candidate for offshore deployments, especially in deep wa-
ters where floating platforms are required. Floating VAWTs
have the potential to significantly reduce the cost of energy
compared to floating horizontal axis wind turbines (HAWTs)
(Shelley et al., 2018). Additionally, VAWTs have a lower
center of gravity, which helps to reduce the overturning mo-
ment.

One critical aspect of VAWT operation and deployment is
understanding the design loads for parked or standstill condi-
tions. Parked loads refer to the forces exerted on a wind tur-
bine when it is in a stationary or non-operational state, such

as during maintenance, low wind conditions, or shutdown
scenarios. These loads are influenced by various factors in-
cluding wind speed, solidity, number of blades, wind–wave
platform conditions, and the azimuthal position in a revolu-
tion.

Accurate assessment of parked loads is essential for sev-
eral reasons. When not employing a blade pitching mech-
anism, VAWTs are subjected to high parked loads for ex-
tended periods. Sakib and Griffith (2022) showed that the
magnitude of parked loads is similar to the operating loads.
A sample parked load with respect to azimuth at 30.94 m s−1

wind speed for a 5 MW UTD-designed VAWT is shown in
Fig. 1. Assessing parked loads would ensure the structural
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Figure 1. Parked loads on the 5 MW Darrieus VAWT at 30.64 m s−1 wind speed (Sakib and Griffith, 2022).

integrity and longevity of the wind turbine and floating sys-
tem, preventing potential damage that could occur when the
turbine is not generating power. Finally, understanding these
loads contributes to optimizing the overall design and perfor-
mance of VAWTs, making them more reliable and efficient.

To date, very few parked load studies of VAWTs are found
in the literature. Sakib and Griffith (2022) analyzed parked
aerodynamic load for a 5 MW conceptual VAWT, consider-
ing rotor design variables such as tapered blade chord, num-
ber of blades, and aspect ratio (the ratio of rotor height to
diameter). Although Sakib and Griffith (2022) numerically
studied the effects of the number of blades on parked loads,
in this study we have studied the effects of the number of
blades on azimuthal variation of parked loads both numeri-
cally and experimentally. The analytical tool used in Sakib
and Griffith (2022)’s study is validated here and improved by
adding the capacity for estimating parked loads for offshore
floating turbines. Ottermo et al. (2012) developed an analyti-
cal model to estimate extreme loads under parked conditions.
Paulsen et al. (2013) conducted a CFD study to predict both
the operating and parked load for the Deep Wind concept.
Kuang et al. (2019) performed a numerical CFD investiga-
tion on the flow characteristics and dynamic responses of a
parked straight-bladed vertical axis wind turbine (H-VAWT)
and concluded that pressure distribution on the upwind blade
surface is similar at different azimuthal locations. As wind
speed increases, turbulent flow characteristics and wake ef-
fects become more pronounced, while dynamic responses
due to parked conditions can be neglected. The only ex-
perimental parked load analysis of 12 kW VAWT was done
by Goude and Rossander (2017), which used a fixed base
(locked platform) for an H-VAWT.

This study focuses on the experimental investigation of
parked loads on vertical axis wind turbines with experiments
performed in a wind–wave basin. The research aims to pro-
vide a comprehensive understanding of the factors affecting
parked loads and their impact on turbine performance. The
findings from this study offer valuable insights for the design,
operation, and maintenance of VAWTs, ultimately contribut-

ing to the advancement of sustainable wind energy technolo-
gies.

This paper also focuses on enhancing the capacity of
UTD’s (UT-Dallas) existing semi-numerical VAWT parked
load estimating tool, originally developed by Sakib and Grif-
fith (2022). This tool make use of a mid-fidelity, open-source,
free vortex method code CACTUS (Code for Axial and
Cross-flow Turbine Simulation) (Murray and Barone, 2011)
and analytical methods. CACTUS was developed by San-
dia National Laboratories in FORTRAN 95 language using
VDART3 (Strickland et al., 1980) code as a basis. CAC-
TUS is capable of performing an analysis of any arbitrary
turbine configuration by segmenting the turbine blades and
struts into a set of blade elements. A more detailed explana-
tion of CACTUS can be found in Lu (2020).

In summary, the aim of this work is to experimentally
study and validate the modeling of parked loads for Darrieus
VAWTs with different platform conditions and to enhance
the capacity of UTD’s existing VAWT parked load estimat-
ing tool. The main contributions of this article are summa-
rized below.

– An experimental study is performed that examines tro-
poskein wind turbines with two blades (2B) and three
blades (3B).

– The parked dataset presented here is unique because the
data include both fixed base (locked platform, zero tilt-
ing) and floating platform conditions (floating with and
without waves).

– Experimental data are gathered to validate a semi-
numerical parked load estimating tool, originally devel-
oped by Sakib and Griffith (2022). The tool has also
been improved to assess the parked load for offshore
floating turbines with tilting. Ultimately this tool can be
used to gain insights into the unmeasurable quantities.

The organization of the paper can be described as follows.
Section 2 covers the methods for experiments, the test cam-
paign, and the development of the parked load model. Sec-
tion 3 presents results and discussion for the experimental
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measurements and model validation efforts, with a focus on
the effects of wind speed, turbine solidity (varying number of
blades), different platform conditions, and the effect of rotor
azimuth. Section 4 presents the concluding remarks.

2 Methods

The VAWT rotors were tested at UMaine’s Alfond Wind–
Wave Ocean Engineering Laboratory (W2) (Cole et al.,
2017). This unique facility is equipped with high-precision
measurement instruments and allows for variable water
depths, wind, and wave conditions. The basin measures 30 m
in length and 9 m in width, with a maximum water depth of
5 m. The wind machine, whose dimension is 7 m× 3.5 m,
can generate up to 12 m s−1 wind speed using a narrower
condenser passage; however, during these VAWT tests, max-
imum wind speeds were limited to 4.96 m s−1 with a turbu-
lence intensity of 3.9 %, since the condenser passage was re-
moved. A detailed description of the testing facility can be
found in Parker (2022).

2.1 Test turbines

Two scaled turbine configurations were tested at the test
facility. These turbines are designed based on the con-
straints and requirements of the wind–wave basin test fa-
cility, as well as constraints imposed by the floating sys-
tem and safety requirements. For example, turbine dimension
must not exceed the dimension of the wind-generating ma-
chine (W 7.0×H 3.5 m). Both the turbines were alternately
mounted on a floating platform which was originally used for
FOCAL horizontal axis wind turbine. Details of the floating
platform can be found in Robertson (2023). The turbines are
also designed in a way that they maintain the load constraints
implemented by the FOCAL platform. The rotor mass and
overturning moment must not exceed 12.6 kg and 15.54 Nm,
respectively. The overturning moment is defined as the mul-
tiplication of thrust force by the distance from mean water
level to the center of pressure of the rotor. Moreover, the de-
sign meets international structural safety requirements from
the international design standards of composite wind turbine
blades stated in Germanischer (2010). For the detailed design
of these model-scale VAWTs, readers are referred to Hossain
et al. (2024).

Both test VAWTs have identical geometric properties, ex-
cept for the number of blades. One turbine has two blades,
whereas the other has three blades. The shape of the turbine is
troposkein with an equatorial radius of 0.515 m and height of
1.287 m. It is configured with an NACA0018 airfoil of con-
stant chord length of 0.1 m. The solidities of the 2B turbine
(two-bladed, 2B) and 3B turbine (three-bladed, 3B) are 0.194
and 0.291, respectively. In this work, the solidity of the tur-
bine is defined as NC/D, where N is the number of blades,
C is the chord length, andD is the maximum diameter of the
turbine. The solidity was varied only by changing the num-

Table 1. Geometric configurations of two tested troposkein tur-
bines.

Parameter 2B turbine 3B turbine

No. of blades [–] 2 3
Airfoil chord [m] 0.1 0.1
Rotor radius [m] 0.515 0.515
Height to radius [–] 2.5 2.5
Solidity, NC/D [–] 0.194 0.291

Table 2. Measurement systems for the experimental testing cam-
paign.

Item Measuring tool

Loads and moments 6 DOF load sensor
Rotor speed Motor encoder
Platform pitch and roll Qualisys 6 DOF motion

ber of blades in order to limit the manufacturing complexity
and cost. It was easy to convert the 2B turbine into the 3B
turbine using one set of blades. The summarized geometric
parameters are listed in Table 1.

A schematic of the test turbine configuration CAD model
with dimensions is shown in Fig. 2. The image shows both
the front and top view of the 3B turbine. The dimensions of
the 2B turbine are the same except for the number of blades.

2.2 Measurement system and data post-processing

An ATI Mini58 (SI-700-30 calibration) six-degree-of-
freedom (6 DOF) load sensor was used to measure the loads
and moments. The load cell can measure maximum thrust of
700 N, maximum overturning moment of 30 Nm, and maxi-
mum torque of 30 Nm, which meet the expected loads and
moment requirements. The load sensor was placed in the
tower base; please see Fig. 2 for the relative position. Table 2
lists the measurement systems for this experimental testing
campaign. The rotor speed was measured using a motor en-
coder. And the platform dynamic motions (pitch and roll)
were recorded using a Qualisys 6 DOF motion-measuring
system.

The testing facility and turbine design did not include the
measurement of blade azimuthal tracking. Therefore, before
every test, blade number 1 was placed at 0° azimuth posi-
tion located at the most upwind position. Then the azimuth
variation was tracked running the turbine at a constant 1 rpm.

Before starting every measurement, the system data were
recorded at non-running and pre-load conditions to know
if there were any residual values. After that, the fan was
switched on to generate the specified wind speed. Then, after
reaching a steady-state wind speed condition, the turbine was
rotated at 1 rpm and the raw load data were recorded.
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Figure 2. Visual of the 3B test turbine configuration CAD model with dimensions.

Figure 3. Comparison of raw and post-processed average thrust and lateral loads at 2 m s−1 for the fixed base 2B turbine.

For each test, the data were recorded for at least 5 rev-
olutions. After recording the data, the raw data were post-
processed to exclude the startup (standstill to 1 rpm) and end
(1 rpm to standstill) values. After that, the pre-load data were
subtracted from the load condition raw data to get the actual
true measured data. For averaging the raw data, a binning
technique was applied. The azimuthal range (0 to 360°) was
divided into 720 bins, with each bin representing a 0.5° in-
terval. Data from all revolutions were assigned to the cor-
responding bins based on azimuthal position. The values

within each bin were then averaged to obtain the final post-
processed dataset consisting of 720 azimuthal locations.

Figure 3 shows a sample comparison between raw and
the post-processed averaged parked thrust and lateral loads
at 2 m s−1 wind speed for the fixed base 2B turbine. The blue
points indicate the raw data, and the red continuous line indi-
cates post-processed averaged data. This paper makes use of
the post-processed averaged load data for all analysis here-
after.
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Figure 4. Tower base options used in the experiments: (a) fixed base, (b) floating base.

2.3 Test matrix in the test campaign

The test matrix consists of four important variables which
have the largest impacts on the parked loads of floating
VAWTs. The first variable we considered is the azimuthal
position, which significantly influences the parked loads of
VAWTs. Figure 5 shows the azimuthal angle convention used
in this study, where 0° azimuthal positions indicates that the
first blade is in the windward direction. The turbine rotates
anticlockwise.

The second variable we considered is wind speed. The test
facility is capable of producing a maximum of 4.96 m s−1

wind speed. Therefore, the turbines were tested at wind
speeds varied between 2 and 4.96 m s−1 keeping the turbine
rotational speed constant at 1 rpm. Geometric comparison
of the test turbine (having a radius of 0.51 m) to the UTD
5 MW VAWT (Sakib and Griffith, 2022) (having a radius of
54.011 m) reveals that the test turbine is a 1 : 104.87 scaled
version of the full-scale UTD 5 MW turbine. However, the
test turbine is not a scaled design of the UTD 5 MW VAWT;
this comparison is made solely to estimate the full-scale wind
speeds. Applying Froude scaling with a velocity scale factor
of λ0.5 results in a wind speed range of 20.48 to 50.79 m s−1

for the full-scale 5 MW UTD VAWT. This wind speed range
is reasonable because the site-specific 50-year return period
having a 10 min average wind speed of 30.96 m s−1 (Sirnivas
et al., 2014) falls in this range.

The third variable considered in this test campaign is the
number of blades. The two-bladed turbine (2B) has solidity
of 0.194, whereas the three-bladed turbine (3B) has solid-
ity of 0.291. The geometric configurations and visual repre-
sentation of tested turbines are shown in Table 1 and Fig. 2,
respectively. The detailed design and manufacturing of the
turbines can be found in Hossain et al. (2024).

The fourth variable we considered is the wind–wave plat-
form conditions. The turbines were tested for three wind–
wave platform conditions: (a) locked (fixed tower base) with
wind only, (b) floating with wind only (no waves), and
(c) floating with wind and waves. The locked with wind only
condition represents a case where the tower base is attached
to a stinger to restrict tilting motion (i.e., fixed base), and
the turbine is rotated only in the presence of wind with no
wave influence. Please see Fig. 4 for details of the tower base
attachment to the stinger. The floating with wind only con-
dition makes use of a semi-submersible floating platform.
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Table 3. Test matrix.

Variables Short description

Azimuth Azimuthal position ranges from 0 to 360°. The position of first blade in the windward direction
represents the 0° azimuthal position.

Wind speed Wind speeds are varied between 2 and 4.96 m s−1.

Number of blades Two-bladed (2B) and three-bladed (3B) troposkein VAWTs are tested in this campaign. 2B
turbine and 3B turbines have solidities of 0.194 and 0.291, respectively.

Wind–wave platform conditions Three wind–wave platform conditions were considered in the test campaign. Those are cases of
locked with wind only, floating with wind only, and floating with wind and wave.

The column of the floating platform is connected to horizon-
tal mooring lines (not shown in Fig. 4) to keep the floating
platform in place. However, the mooring lines were not con-
nected to the basin bed. Instead, they were connected to the
side wall to reduce the movement for this specific wind–wave
basin. In this floating with wind only condition, the turbines
are only exposed to the wind. The floating wind and wave
condition also uses the semi-submersible floating platform;
however, the turbines are exposed to both wind and wave. In
this test campaign, a regular wave with a height of 0.155 m
and a period of 1.61 s is used, which corresponds to a full-
scale IEA 15 MW horizontal axis wind turbine with a height
of 10.85 m and a period of 13.5 s (Fowler, 2023). Readers are
referred to Fig. 4 for the visuals of locked and floating plat-
forms and referred to Table 3 for the test matrix used in this
campaign.

2.4 UTD’s semi-numerical parked load tool

A semi-numerical parked load tool is developed to estimate
the parked loads of the tested turbines. As methods like
CFD will be very computationally intensive to predict parked
loads, a semi-numerical method has been developed with
goals of accuracy and low computational effort. This tool
makes use of a static airfoil polar supplied with the CAC-
TUS tool. Airfoil polars are applicable to VAWT operations,
and they range from −180 to 180° in angle of attack. Use of
static airfoil polars makes sense for the fixed base system. For
the two floating cases, we performed an analysis of reduced
frequency to see if the inflow is steady or unsteady. Reduced
frequency is a nondimensional number, and it is defined in
Matha et al. (2016) as follows:

Ki =
ωptfmCi

2
√
U2
∞+ r

2
i �

2
, (1)

where ωptfm is the platform pitching frequency, Ci is air-
foil section chord, U∞ is freestream velocity, ri is section
radius, and � is rotational velocity of rotor. According to
Theodorsen theory, a flow can be categorized as unsteady if
the reduced frequency K in Eq. (1) exceeds 0.05. The re-
duced frequency (K) does not go above a value of 0.05 for

both floating wind only and floating wind–wave conditions
for any of the wind speeds for either the 2B or 3B wind tur-
bine. The highest reduced frequency (K) of 0.0158 occurs
in the 3B floating wind–wave pitch case. As wind speed in-
creases, the reduced frequency decreases. For the 3B float-
ing wind–wave pitch case, the reduced frequencies (K) at
wind speeds of 2, 3, 4, and 4.96 m s−1 are 0.0158, 0.0105,
0.0079, and 0.0063, respectively. This indicates that higher
wind speeds result in a steadier inflow. Therefore, the inflow
can be considered quasi-steady, and the use of a static po-
lar for floating cases also makes sense. Since the induction
due to blade wake is small compared to freestream velocity
and to make the model simpler, blade wake effects have been
excluded from the model. Moreover, strut effects and finite
aspect ratio corrections have also not been considered.

The local relative velocity and angle of attack for all
the azimuthal locations were calculated using CACTUS. In
the relative velocity calculation, we only considered local
freestream velocity ignoring the rotational and induced ve-
locity components because the rotor is in standstill for the
parked condition. However, induction due to tower wake was
considered in the model as it was easy to implement.

VN =NXUX +NYUY +NZUZ, (2)
VT = TXUX + TYUY + TZUZ, (3)

where VN is normal velocity, VT is tangential velocity, and
U is the freestream velocity. N and T represent normal and
tangential vector components, respectively. The values of the
normal vector component (N ) and the tangential vector com-
ponent (T ) are calculated using the 3D vortex-based code
CACTUS. The directions of forces and velocities are shown
in Fig. 5, where the 0° azimuth is in the windward direction.
The thrust load (FTh) is in the windward direction and the
lateral load (FLat) is normal to the thrust load. The normal
force (FN) is toward the center and tangential force (FT) is in
the tangential direction of the airfoil. Local relative velocity
is calculated as

VR =

√
V 2

N+V
2
T . (4)
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Figure 5. VAWT forces and velocities.

After that, the angle of attack (α) is calculated from the nor-
mal and tangential components of the velocity.

α = tan−1
(
VN

VT

)
(5)

Then the lift (CL) and drag (CD) coefficients for the respec-
tive angle of attack are calculated using the static airfoil polar
supplied with the CACTUS tool. After that, the local normal
(CN) and tangential (CT) force coefficients are calculated us-
ing CL and CD as follows:

CN = CLCos(α)+CDSin(α), (6)
CT = CLSin(α)−CDCos(α), (7)

where CL represents the lift coefficient, and CD represents
the drag coefficient. The normal and tangential force coeffi-
cients are local: in other words, with respect to the specific
element.

Therefore, normal and tangential force coefficients need
to be re-referenced to full turbine scale to calculate the thrust
and lateral forces. The conversion is done using the following
equations.

CFtN = CN

(
AE

A

)(
VR

U

)2

(8)

CFtT = CT

(
AE

A

)(
VR

U

)2

(9)

Here AE is element area, A is rotor area, and CFtN and CFtT
are normal and tangential force coefficients with respect to
rotor, respectively. After that thrust (CTh) and lateral (CLat)
force coefficients are calculated by applying specific normal

Figure 6. Schematic of the gravitational effect on a floating VAWT
due to tilting.

and tangential directions in the azimuthal locations.

CTh =NxCFtN+ TxCFtT (10)
CLat =NYCFtN+ TYCFtT (11)

Thrust and lateral loads for the locked platform case are

FTh =
1
2
ρACThU

2, (12)

FLat =
1
2
ρACLatU

2. (13)

A more detailed description of the semi-numerical parked
load tool for fixed base VAWTs can be found in Sakib and
Griffith (2022). The model also captures the tower drag.
Tower drag is estimated using Eq. (14).

FDTower =
1
2
ρATCDU

2, (14)

where AT represents the frontal tower area, and CD is the
drag coefficient. For this analysis, a tapered cylindrical tower
with an assumed CD of 1 was used. The measured thrust load
for the locked platform case includes tower drag, while the
lateral load does not account for it, as static tower drag force
acts in the thrust load direction.

FThM = FDTower+FTh (15)

The parked load estimating tool presented in Sakib and Grif-
fith (2022) could only calculate the parked load for a fixed
base turbine. However, estimating parked loads for floating
offshore VAWTs is also important, and the procedure of esti-
mating parked loads for floating offshore VAWTs is outlined
below.
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The parked loads for floating offshore VAWTs are directly
correlated with the turbine dynamic motions. For example,
updated sensor measurement thrust and lateral loads are di-
rectly correlated with turbine pitch and roll motions, respec-
tively. The detailed correlation of loads and turbine dynamic
motions is shown in Sect. 3.1.4.

The load cell is fixed on the tower base; please see Fig. 1
for the load cell position. For the floating platform condition,
the turbine tilts due to the coupled effects of the wind load
and floating system. Therefore, the load cell, which is fixed
in the tower, also tilts the same as the turbine. Therefore, the
load cell’s measured loads will not be in the original thrust
or lateral load direction. The measured parked loads are in
the tilted sensor measurement load direction. Readers are re-
ferred to Fig. 6 to see the updated sensor measurement load
direction. The figure only shows the updated sensor measure-
ment thrust direction. The original thrust direction is in the
windward direction. However, due to wind and wave loads
the load sensor also tilts. Therefore, the measured data cor-
respond to the tilted updated sensor measurement direction.
However, being consistent with the locked and floating plat-
form terminologies, we will still call the floating parked loads
thrust and lateral loads.

The semi-numerical parked load measuring tool takes this
tilting effect into consideration by including the resulting in-
ertial (weight) effect due to tilting. Due to tilting, the load
sensor measures a component of weight, along with the loads
(thrust and lateral) in the original direction. Figure 6 shows
the concept of the weight effect present in the floating thrust
load. In the test campaign, both the loads and turbine dy-
namic motions were recorded. We used the measured pitch
and roll data to calculate the weight effect. One can use the
aero-hydro floating VAWT model developed in Gao et al.
(2022) to predict the tilt angles as pre-test data for input
to the parked load model presented here. The input aerody-
namic loads can be supplied using CACTUS, while the hy-
drodynamic coefficients can be obtained from a commercial
software like WAMIT (Lee and Newman, 2006) or an open-
source code like Capytaine (Ancellin and Dias, 2019). Then
the aerodynamic model and hydrodynamic code can be com-
bined with a mooring model to predict the tilt angles as done
in Gao et al. (2022).

Weight (due to pitch)=Mg sin(β) (16)
Weight (due to roll)=Mg sin(γ ) (17)

Thrust and lateral loads including both aerodynamic loads
and weight effects for the floating platform case are given as
follows:

FThFl = FThM+Mg sin(β), (18)
FLatFl = FLat+Mg sin(γ ), (19)

where β is measured pitch angle, γ is measured roll angle,M
is turbine mass, and g is the gravitational acceleration con-
stant.

A flowchart of the semi-numerical parked load calculation
process stated above is also shown in Fig. 7. This figure con-
tains parked load modeling of both the locked base and float-
ing base platforms. The floating base case compensates for
the tilting effect by taking gravitational effects into consider-
ation.

The UTD’s parked load tool for the fixed tower base case
has already been validated in Sakib and Griffith (2022). The
extension of the tool for the floating tower base case is dis-
cussed and validated in the “Results and discussion” section
of this paper.

3 Results and discussion

3.1 Experimental data analysis

The main objective of this study is to quantify and model
the effects of the number of blades, wind speeds, wind–wave
platform conditions, and rotor azimuth on parked loads. This
section will show and discuss the effects of these conditions
successively.

3.1.1 Uncertainty in measurements

We perform an uncertainty analysis for the experimental
measurements as follows (Coquilla et al., 2007):

U =

√
β2+ (tσ )2, (20)

where U is resultant uncertainty, β is bias uncertainty, σ is
standard deviation, and t is the coverage factor of T distri-
bution. The value of t is 1.96 at 95 % confidence level. Bias
uncertainties of the load cell and anemometer are 0.1 %, and
2 %, respectively.

Uncertainties for experimentally measured parked loads
of the 2B turbine for the locked wind only case are shown
in Fig. 8. It is observed that the thrust load exhibits an un-
certainty of approximately 10 % to 15 %, whereas the lateral
load shows slightly higher uncertainty. Uncertainty levels are
consistent across all measurements; therefore, in the interest
of clarity in the presentation of results, the uncertainty bars
have been excluded from the other plots.

3.1.2 Effect of variations in the number of blades

Both 2B and 3B floating VAWTs were tested in this test cam-
paign. Variations in the number of blades impact the aero-
dynamic characteristics, structural dynamics, and overall ef-
ficiency of the turbine. For floating VAWTs, understanding
the effect of the number of blades on parked loads is essen-
tial to ensure stability and integrity under various operational
and environmental conditions. This section explores the in-
fluence of the number of blades on parked loads and their
implications for floating VAWTs. Both 2B and 3B VAWTs
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Figure 7. Flowchart of a semi-numerical tool to estimate the parked load.

Figure 8. Parked loads with error bars of the 2B turbine for the locked-wind-only condition.

were tested for fixed tower base and floating tower base con-
ditions. However, the result is shown for the locked-wind-
only case due to the fact that locked and floating platform
conditions show a similar trend.

Figure 9 shows the parked loads as a function of wind
speed for both the turbines. The horizontal bar in the fig-
ure shows variation due to azimuthal dependency, not uncer-
tainty. It is observed that average thrust load increases with
the increase in the number of blades due to higher solidity
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Figure 9. Effect of number of blades in the locked tower base condition: (a) thrust force, (b) lateral force. Note that horizontal bars shown
are the variation in load due to azimuthal dependency, not uncertainty in the measurement.

and higher blockage to the incoming flow as stated in Reza-
eiha et al. (2018), whereas the effects of the number of blades
are highly azimuth-dependent. The variation (range) of thrust
load due to azimuthal dependency in a particular wind speed
decreases as the number of blades increases. The average lat-
eral load is zero and independent of the number of blades.
However, the amplitude of lateral forces (load fluctuation for
a particular wind speed due to azimuthal dependency) de-
creases as the number of blades increases, which might be
helpful for turbine structural integrity (Le Fouest and Mul-
leners, 2022).

3.1.3 Effect of wind speeds

The parked loads of vertical axis wind turbines (VAWTs)
are significantly influenced by wind speed. This section in-
vestigates the influence of wind speeds on the parked loads
of VAWTs. To assess the impact of wind speeds on parked
loads, a series of experiments were conducted using a scaled
model of a floating VAWT. The turbines were exposed to
wind speeds ranging from 2 to 4.96 m s−1 in a controlled
wind tunnel environment. To keep the paper concise, this
section only considers the parked loads in the locked-wind-
only condition. We skipped the effect of wind speed for the
2B turbine due to the fact that the 2B turbine and 3B tur-
bine show a similar trend for parked loads. The impact of
wind speeds for parked loads for the 3B turbine in a whisker
box plot is shown in Fig. 10. The figure shows the data for
the locked-wind-only condition. The result indicates that the
amplitude of lateral load and average thrust increase with the
wind speed. The red dots indicate the outliers. The high num-
ber of outlier data is due to the variation of the load with
respect to the azimuth.

Current vertical axis wind turbine concepts usually ex-
clude the complex blade pitching mechanism that can be
used to shed some load in higher wind speeds. Therefore,

the load increase with the wind speed is expected as no blade
pitching was present in this study. The increase in parked
loads with wind speeds can also be substantiated from simi-
lar comments made in Carmo et al. (2024). This increase in
parked loads with wind speed signifies that parked loads will
be a crucial factor in high wind speed. Thus, wind turbine de-
signers should focus on parked loads too, especially for high
wind speeds.

3.1.4 Comparisons among different wind–wave platform
conditions

In this section, we compare the parked loads among the three
conditions detailed in Table 4. In the locked-wind-only (fixed
tower base) condition, the tower base is attached to a stinger
to restrict all the tower base motion. In the floating-wind-only
condition, the floating platform is connected to the mooring
line. The mooring lines are horizontal, which are connected
to the bottom of the floating platform columns and springs.
The horizontal mooring was adopted to reduce the experi-
mental uncertainty related to conventional catenary mooring
(Ahsan et al., 2022). In the floating wind–wave condition, the
rotor was operated on a floating platform in the presence of
both wind and waves.

In the test campaign, we measured the parked loads for 2,
3, 4, and 4.96 m s−1 for locked-wind-only and floating-wind-
only conditions. Tests were conducted for both 2B and 3B
turbines. However, parked loads for 4 and 4.96 m s−1 wind
speeds were measured for the floating wind–wave condition.
This case considered the 3B turbine only due to limitations
of available testing time.

Offshore floating conditions often cause turbines to tilt,
which has two competing effects: greater tilt reduces aerody-
namic loads but increases weight effects. Experimental lat-
eral load and thrust load comparisons among different con-
ditions are shown in Figs. 11 and 12, respectively. The re-
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Figure 10. Effect of wind speeds on the 3B turbine in the locked tower base condition: (a) thrust force, (b) lateral force.

Table 4. Wind–wave platform conditions.

Conditions Short description

Locked with wind only The tower base/floating platform is connected to the stinger to restrict the tower base movement.
The turbine is rotated azimuthally in the presence of only wind.

Floating with wind only The floating platform is connected with a horizontal mooring line.
And the turbine is rotated azimuthally in the presence of only wind.

Floating with wind–wave The floating platform is connected with a horizontal mooring line.
And the turbine is rotated azimuthally in the presence of both wind and wave.

sults show that lateral load amplitude and average thrust
load for floating conditions are greater than the locked-wind-
only condition. Although tilting in the floating case can re-
duce aerodynamic loads due to reduction in swept area and
through damping effects (Ahsan et al., 2022), the added
weight component in the sensor’s direction results in higher
measured loads. When the turbine tilts, the six-degree-of-
freedom load and moment measuring sensor also tilts. This
sensor tilting along with gravitational load measurement is
shown in Fig. 6. Thus, the measured data include the load
component and weight load of the turbine due to rotor tilt-
ing. If we considered the loads in the original thrust or lateral
direction only, then the floating with wind only and float-
ing with wind–wave cases would show the expected lower
parked loads compared to the locked-wind-only case.

The lateral load amplitude and average thrust load for
floating wind only and floating wind–wave are almost the
same (please refer to Figs. 11 and 12). The only variation is
that the floating wind–wave data are noisier (or varied with
high frequency) than the floating-wind-only condition due to
the coupled dynamics of wind and wave. The high-frequency

variation is due to the high frequency (0.62 Hz) of the regular
wave used in the experiment.

3.1.5 Correlation between parked loads and turbine
dynamics

The correlation coefficient of two random variables is a mea-
sure of their linear dependence. If each variable has N scalar
observations, then the Pearson correlation coefficient is de-
fined as

P (A,B)=
N∑
i=1

(Ai −µAσA)(Bi −µBσB ), (21)

where µA and σA are the mean and standard deviation of
A, respectively, and µB and σB are the mean and standard
deviation of B.

The loads and dynamic motions with respect to azimuthal
position are shown in Figs. 13 and 14 for the lateral and roll
as well as thrust, pitch loads, and motions, respectively. The
left y axis represents the load, and the right y axis represents
the tilt angle. The correlation coefficients between lateral
load and roll motion for 2, 3, 4, and 4.96 m s−1 are −0.98,
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Figure 11. Experimental lateral load as a function of azimuth (3B Turbine) (a) 2 m s−1, (b) 3 m s−1, (c) 4 m s−1, (d) 4.96 m s−1.

Figure 12. Experimental thrust load as a function of azimuth (3B turbine): (a) 2 m s−1, (b) 3 m s−1, (c) 4 m s−1, (d) 4.96 m s−1.
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Figure 13. Experimental lateral load and dynamic roll motions in floating-wind-only conditions for the 2B turbine: (a) 2 m s−1, (b) 3 m s−1,
(c) 4 m s−1, (d) 4.96 m s−1.

Figure 14. Experimental thrust and dynamic pitch motions in floating-wind-only conditions for the 2B turbine: (a) 2 m s−1, (b) 3 m s−1,
(c) 4 m s−1, (d) 4.96 m s−1.
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Figure 15. Comparison between experimental and semi-numerical parked loads of the 2B turbine for the locked with wind only condition:
(a) nondimensional loads, (b) dimensional loads.

−1,−0.99, and−1, respectively, whereas the correlation co-
efficients between thrust load and pitch motion for 2, 3, 4,
and 4.96 m s−1 are 0.98, 0.99, 0.99, and 0.99, respectively.
The coefficients shown here are for the 2B turbine. It is seen
that the dynamic motions and parked loads are highly cor-
related. Thrust load is highly correlated with pitch motion,
whereas lateral load is highly correlated with roll motion. For
the lateral loads and roll motion case, the negative correlation
coefficient is simply due to the assumed lateral load and roll
direction variation. This does not mean that as the roll angle
increases the turbine lateral load decreases.

3.2 Semi-numerical parked load model and validation

3.2.1 Locked-wind-only condition

This section compares parked loads from both the experi-
ments and the semi-numerical model of two-bladed (2B) and
three-bladed (3B) test turbines with the locked tower base
condition.

Figures 15 and 16 illustrate the variation of parked thrust
and lateral loads with respect to azimuthal position for the 2B
turbine and 3B turbine, respectively. The experimental data
represent the phase average of 5 revolutions, where the semi-

numerical data are based on the last revolution values after
the CACTUS simulation has converged. Figure 15a shows
a comparison of nondimensional forces, helping the eval-
uation of loads of different scale turbines, while Fig. 15b
shows a comparison of the dimensional case, which applies
exclusively to this test turbine. Analysis generally shows very
good agreement between experiments and our parked load
model in terms of both magnitudes and rotor azimuth depen-
dence. Both thrust and lateral load amplitudes increase with
the wind speed increment. The sharp decrease in experimen-
tal thrust load at 180° azimuthal location is due to the tower
shadow effect, which is captured well in our model.

Both experimental and semi-numerical results show a
clear relationship between wind speed and thrust force:
higher wind speeds generate larger thrust forces. The peri-
odic nature of the thrust force with respect to azimuth angle
is consistent for the experiments and model.

The lateral force increases in magnitude with the increase
in wind speeds, keeping the mean force at almost zero. Ex-
perimental results show measurement noise due to sensor in-
accuracies and inherent variability in the system. The results
from the semi-numerical model appear smoother compared
to measured data. Again, the overall trends of force variation
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Figure 16. Comparison between experimental and semi-numerical parked loads of the 3B turbine for the locked with wind only condition:
(a) nondimensional loads, (b) dimensional loads.

are captured similarly by both the experiment and the semi-
numerical model.

Thrust force shows (Figs. 15 and 16) a strong resemblance
between the experiment and model, although the experimen-
tal results include measurement noise. Both the model and
experiment capture the cyclic nature (two cycles for the 2B
turbine and three cycles for the 3B turbine in a revolution) of
the forces with respect to the azimuth angle.

3.2.2 Floating-wind-only condition

Modeling the floating case with wind comes with a new chal-
lenge. The challenge is to model the weight effect due to ro-
tor tilting in the floating tower base case, as well as capturing
the impact of tilting on aerodynamic loads. A detailed de-
scription of modeling parked loads in the floating tower base
condition is shown in Sect. 2.

This section is intended to analyze the modeled parked
load data for the floating-wind-only case in the absence of
waves. Due to the floating condition, the rotor tilts under
wind loading, which adds a component of rotor weight in
the measured updated sensor thrust and lateral direction. The

rotor weight was already measured in the wind–wave basin.
The 2B and 3B turbines weigh 5.97 and 6.55 kg, respectively.
This mass includes only the components mounted above the
load cell, including the blades and tower mass, excluding the
mass of the lower tower section, load cell, generator, and
hull.

A representative weight effect in the thrust direction for
the 2B turbine in the floating-wind-only condition is shown
in Fig. 17. This figure represents the pitch in red and turbine
weight force in the measured thrust direction in blue. It is
observed that, with the increase in wind speed, the weight
effect also increases. It is a significant amount compared to
the parked thrust load of similar wind speed. The 2B tur-
bine generates maximum thrust force of 5 N at 4.96 m s−1

for the locked-wind-only case, whereas the weight effect
for the same turbine in the floating condition due to tilting
at 4.96 m s−1 is 2.4 N, which is around 48 % of the thrust
load of the locked-wind-only case. Thus, including the rotor
weight effect is very important when modeling the parked
load for floating cases.

Figures 18 and 19 show the validation of the UTD semi-
numerical parked load with the floating-wind-only condition

https://doi.org/10.5194/wes-10-1211-2025 Wind Energ. Sci., 10, 1211–1230, 2025



1226 M. S. Hossain and D. T. Griffith: Experimental validation of parked loads for a floating VAWT

Figure 17. Weight effect in the thrust direction for the 2B turbine in the floating with wind only tower base condition.

for 2B and 3B turbines, respectively. The tool accurately pre-
dicts the trend for both thrust and lateral parked loads for the
floating-wind-only case. However, the model slightly over-
predicts the thrust load in some of the azimuthal locations,
especially near 0° (360°) and 180° locations. Additionally,
it underpredicts the lateral loads in certain azimuthal loca-
tions. The high-frequency variation in loads, in both thrust
and lateral parked loads, is due to turbine dynamics (roll and
pitch) in the floating condition. The dimensional and nondi-
mensional plots show similar trends.

3.2.3 Floating tower base with wind and wave

We now examine the third configuration of the test, which is
floating with both wind and waves. The turbine weight ef-
fect is also added with the fixed tower base parked load to
calculate the parked load for the wind and wave case. A reg-
ular wave with a height of 0.155 m and a period of 1.61 s is
used to measure the parked load in the floating tower base
with wind and wave condition. And as the base is floating,
it reflects a coupled effect due to wind, wave, and floating
platform.

The validation in the case of floating with wind and wave
for the 3B turbine is shown in Fig. 20. It is observed that the
tool cannot properly capture the dynamic nature of pitch and

roll and respective dynamic thrust and lateral loads due to
coupled wind, wave, and floating platform effects, although
it does handle the static pitch and roll motions. A predic-
tion of pitch and roll motions requires integrating aerody-
namic, wave, hydrodynamic, platform, and mooring dynamic
models. A code, such as WAMIT (Lee and Newman, 2006),
or an open-source code like Capytaine (Ancellin and Dias,
2019) can be used to model the hydrodynamics and then
coupled with mooring and aerodynamic models to predict
the platform motion using an aero-hydro model (Gao et al.,
2022). Such a model can be used for pre-test motion predic-
tion. Here, the authors have restricted their study to the cur-
rent semi-numerical parked load model and comparison with
the experimental data. Overall, the semi-numerical tool pre-
dicts the magnitude of parked loads, azimuthal dependence
on loads, and the effects of wind speed and solidity for all the
wind–wave platform conditions well. Additionally, this tool
accurately captures the tower shadow at the 180° azimuthal
location.

4 Conclusions

Floating offshore VAWTs are showing promise for deepwa-
ter offshore locations as they offer several advantages includ-
ing a lower center of gravity, thus improving stability and re-
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Figure 18. Comparison between experimental and semi-numerical parked loads of the 2B turbine for the floating with wind only condition:
(a) nondimensional loads, (b) dimensional loads.

ducing the risk of overturning. However, some aspects in the
design of floating VAWTs, including parked loads, which are
comparable in magnitude to operating loads (Sakib and Grif-
fith, 2022), are thus critical design loads, yet no studies have
measured parked loads under floating conditions.

This study experimentally investigates parked loads on
floating VAWTs in a wind–wave basin, aiming to provide in-
sights on the factors influencing parked loads. Additionally,
this study seeks to gather data to improve and validate a semi-
numerical parked load estimation tool for floating VAWTs
under both wind-only and wind-and-wave conditions that is
based on a vortex aerodynamic model of the rotor and an an-
alytical model of tower drag. Further, this model effectively
captures the effects of tower shadow, azimuth dependence,
and weight effects.

The study presents data on parked loads across varying
wind speeds, solidity values, and wind–wave platform con-
ditions, examining the impact of gravitational loads from tilt-
ing and the correlation between tilt angles and parked loads.
Validation of the semi-numerical estimation tool is also in-
cluded.

The findings highlight the significance of wind speed, so-
lidity, azimuth dependence, and wind–wave platform condi-

tions in determining parked loads for floating VAWTs. It was
observed that VAWTs are subjected to substantial forces even
in a stationary state, which necessitates robust structural de-
signs to ensure their durability and safety.

The insights gained from this study underscore the im-
portance of considering parked loads in the design phase of
VAWTs. By incorporating validated parked load models into
the design process, engineers can develop more resilient tur-
bines that can withstand the stresses encountered during non-
operational periods. This is particularly crucial for enhancing
the longevity and reliability of VAWTs, thereby making them
a more viable option for renewable energy generation in di-
verse settings.The summary of the main findings of the paper
can be stated as follows.

– Solidity (in terms of the number of blades) influences
the parked loads. The load variation (range) decreases
as the number of blades increases.

– In floating conditions, average thrust load increases due
to the gravitational load effect of turbine, while the am-
plitude of lateral load also increases.
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Figure 19. Comparison between experimental and semi-numerical parked loads of the 3B turbine for the floating with wind only condition:
(a) nondimensional loads, (b) dimensional loads.

Figure 20. Comparison between experimental and semi-numerical parked loads of the 3B turbine for the floating with wind and wave
condition: (a) nondimensional loads, (b) dimensional loads.
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– The floating wind–wave case exhibits more noisy loads
due to dynamic nature compared to the floating-wind-
only case.

– The UTD’s semi-numerical parked load tool quite ac-
curately estimates the parked loads for both locked and
floating platform conditions. It effectively captures the
average load magnitude, the load’s azimuthal depen-
dence, effects of wind speed, and number of blades.
Tower shadow is also captured. However, this model is
not formulated to predict the dynamic nature of pitch
and roll motions and respective dynamic thrust and lat-
eral loads due to coupled wind, wave, and floating plat-
form effects, although it effectively captures the average
loads.

In conclusion, this study has advanced our understanding
of the experimental parked loads on VAWTs and their im-
pact on turbine performance. The results provide valuable
guidelines for designing and implementing floating VAWTs
that are both efficient and resilient. Future research should
focus on further refining these findings through long-term
field studies and exploring innovative materials and design
strategies to mitigate parked loads. By addressing these chal-
lenges, we can enhance the overall performance and adoption
of VAWTs, contributing to the growth of sustainable wind
energy solutions.
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