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Abstract
In the present paper, a commercial CFD code based on RANS equations is used to assess the aerodynamic behavior of the
rotor of NREL’s 5MW turbine. The main objective is to evaluate the changes that happen in the wind flow when the scale of
the problem is reduced based on Froude-scale law, a procedure that is used for tests of floating wind turbines in wave basins,
such as the ones performed as part of the OC4 program. Therefore, the CFD simulations are performed both for real andmodel
scales, considering a range of tip-speed ratios, and the scale effects involved in the aerodynamics of the blades are presented
and discussed. The results are compared to experimental and numerical data of the same rotor available in the literature,
especially in terms of thrust and power coefficients. As main conclusions, it is found that the present CFD predictions for the
rotor in full scale are generally in accordance with the previous numerical data. More importantly, for the model-scale rotor,
it is shown that a very good agreement with the experimental data could be obtained, even for the negative power coefficients
that happen for certain tip-speed ratios, something that the previous numerical works have reported to be more difficult to
reproduce.
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1 Introduction

In the last decades, wind energy has been significantly grow-
ing and has consolidated its position as one of the main
alternatives for large-scale clean energy production (Ohlen-
forst et al. 2019). By now, onshore and fixed offshore wind
turbines are commonly employed and, more recently, the
floating offshorewind turbines (FOWTs) showed that, in var-
ious demonstration projects, they can also be economically
attractive (WindEurope 2017; Arapogianni et al. 2013).

Compared to the fixed turbines, the FOWT rotor dynam-
ics is more complex mainly because of the floater motions
induced by waves and their interactions with the mooring
system (Matha et al. 2011). For a proper dynamic analysis
of the FOWT, the designer must rely on numerical mod-
els that are capable to deal with the complex dynamics and
its many couplings (Cordle and Jonkman 2011). Computa-
tional tools based on BEMT, such as FAST (Moriarty and
Hansen 2005), are generally used to predict the performance
of FOWTs. These tools are fast and accurate enough for
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design purposes, but do not take into account a more refined
description of the flow around the blades and in their wake,
something that may be important for more specific analysis
regarding the blade elasticity and pitch control, for exam-
ple.

Also, following the standard already adopted for other
kinds of floating offshore systems, a number of model-scale
experiments have been performed in the FOWT analysis
(Martin et al. 2014; Ridder et al. 2014; Kim and Shin 2016;
Kim et al. 2019; Sarmiento et al. 2019), as a means for
calibrating and/or verifying the numerical models. In this
respect, Martin et al. (2014) performed a Froude-scale-based
testing of the OC4 semi-submersible FOWT, where a 1:50
scaled model of the NREL 5MW wind turbine has been
used. Nonetheless, the scale reduction of the FOWT for test-
ing in waves imposes severe scale effects. For guaranteeing
the similarity of the wave effects, the Froude-scaling laws
must be applied, whereas the aerodynamics of the blades
is ruled by the Reynolds-scaling laws. For practical reasons,
it is impossible to achieve Reynolds and Froude similitude
simultaneously.Therefore, in experimentswhere themodel is
subjected simultaneously to significant loads from wind and
waves, the choice of the scalingmethod becomes a challenge.
For testing the FOWTs in a wave basin, tests adopt Froude
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Fig. 1 NREL 5MW baseline rotor geometry. Front view (left) and side
view (right)

Fig. 2 Sketch of the numerical domain

similitude and a scale factor that typically range from 40 to
100, depending on the physical and operating constraints of
the particular facility, such as the size of the tank, the limits
of the wavemaking system and those of the wind genera-
tor.

Due to the much smaller Reynolds number of the wind
flow, the flow around the model blades and in their wake can
be quite different from the one in prototype scale, which,
in its turn, leads to a poor performance of the model-scale
turbine. Therefore, to design (and maybe improve, in the
future) this kind of model-scale experiments, it is important

Fig. 3 Grid layout and details

to fully understand the physics of the flow in the different
scales and to be able to predict quantitatively the effects of
the scale reduction. For this, CFD modeling is an obvious
alternative.

Several studies that deal with CFD modelling of FOWTs
have been published. Zhao et al. (2014) performed CFD
calculations in full scale for different wind velocities and
constant rotor rotation to investigate the aerodynamic perfor-
mances of NREL 5MW rotor. The turbine tower and floater
motions are not considered. In OpenFOAM code, the steady
RANSequationswith k−ω SST turbulencemodel andmulti-
ple reference frame for the rotational motion are solved. The
CFD results show good agreement with the ones obtained
from FAST simulation under the same conditions.

Giahi and Dehkordi (2016) investigated how the expe-
rience gained concerning the influence of scaling on wind
turbines can be used for moving from the design of a smaller
turbine to the design of a larger one. The CFD results are in
excellent agreement with predictions of Similarity Theory,

Table 1 Properties of NREL
5MW turbine in full and model
scale

Properties Full scale Model scale Unit

Rated power 5 5.70 (MW)/(W)

Rotor diameter 126 2:52 (m)

Hub height (above sea level) 90 1.80 (m)

Wind speed nominal 11.4 1.60 (m / s)

Reynolds (0.7 rotor radius) 1.15 × 107 3.57 × 104 (–)
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Table 2 Environmental conditions in full and model scales

Scale Wind velocity (m/s) TSR � (rad/s)

Full 11.4 3 0.54

Full 11.4 4 0.72

Full 11.4 5 0.90

Full 11.4 6 1.09

Full 11.4 7 1.27

Model 1.61 3 3.84

Model 1.61 4 5.12

Model 1.61 5 6.40

Model 1.61 6 7.68

Model 1.61 7 8.96

except for low velocities, when the flow pattern is different
in each scale.

Make andVaz (2015) investigated the aerodynamic behav-
ior of two wind turbines (NREL 5MW and MWST) using
CFD calculations in model and full scale for different tip-
speed ratios, varying angular velocity for a constant wind
velocity. Also, the tower and floater motions are not consid-
ered. The steady RANS equations with k−ω SST turbulence
model are applied. The numerical results which they report
are in good agreement with experimental data, except the
ones regarding the power coefficient of the NREL turbine
in model scale, for which the trend of variation with tip-
speed ratio is opposite with respect to the one derived from
the experimental measurements. In addition, Make and Vaz
(2015) presents a discussion on the scale effects, showing
that, as expected, the flow pattern around the blades was
quite affected by them, leading to power and thrust curves
that are very different in model and full scale.

Wu et al. (2015) developed a CFD model for simulating
the aerodynamics of the full-scale NREL 5MW rotor sub-
jected to pitch motion of the floater. Liu et al. (2016) has also

investigated the effect of 3 degrees of freedom (DoF)motions
(surge, heave, and pitch) on the aerodynamic performance of
a floating wind turbine rotor.

Simulations considering all the degrees of freedom invol-
ved in the problem or/and the complete geometry of the
floating wind turbine (rotor, tower, and floater) are still a
challenge, especially due to their high computational costs.
Liu et al. (2017) modeled a complete FOWT with 3DoF to
analyze the motion response of the floater and aerodynamic
forces of the turbine in wind and waves. However, only two
environmental conditions are analyzed due to the high com-
putational costs.

Zhou et al. (2019) also investigated a complete FOWT
with 3DoF, but the objective was to assess the hydrodynamic
and structural dynamic response of the system and there are
no data regarding the aerodynamic forces. Moreover, Cheng
et al. (2019) carried out CFD calculations including 6DoF
of the floater, and the turbine rotor is modeled as an actuator
disk. Although a coarse mesh is employed, the results are in
line with the other references.

In the present paper, a commercial CFD, StarCCM+ (CD-
Adapco 2019), code based on unsteady Reynolds-averaged
Navier–Stokes (URANS) has been applied to predict the per-
formance of the rotor of the 5MWNREL wind turbine, both
in full scale and in the samemodel scale adopted inMake and
Vaz (2015) (scale factor of 1:50). The main objective was to
evaluate the differences of the flow around the rotor and to
understand how they affected the aerodynamic performance
coefficients in both scales. For that, the computations were
carried out for different tip-speed ratios (TSR), which were
changed by varying the rotor angular speed for a constant
and uniform incident wind speed. It is important to empha-
size that only the rotor geometry was modelled in this stage,
and all the computations were done considering that the rotor

Fig. 4 Power coefficients in
model and full scales

123



214 Journal of Ocean Engineering and Marine Energy (2020) 6:211–220

Fig. 5 Thrust coefficients in
model and full scales

axis was fixed, thus not taking into account any motions of
the floater.

The main features adopted in the numerical model are
presented in the next section, followed by the comparison of
the results with the experimental ones previously reported in
the literature.

2 Numerical model

The governing equations for a transient, unsteady, incom-
pressible and viscous fluid flow are continuity and unsteady
Reynolds-averaged Navier–Stokes (URANS). A k−ω shear
stress transport (SST) turbulence model is applied (k =
3
2 (Iv)2 e ω = ρk

(μt/μ)μ
, where v is the incident wind veloc-

ity and μt/μ = 10). The equations are discretized using the
finite volume method and solved in a segregated scheme;
the PIMPLE algorithm is applied to correct the pressure–
velocity. A second-order upwind scheme is used for the
discretization of convective terms, whereas a second-order
central scheme is used for the diffusive flux. A second-order
time discretization is also used.

The rotor of the NREL 5MW turbine is modeled accord-
ing to Jonkman et al. (2009). Figure 1 shows the three-bladed
rotor geometry. The rotor diameter is D = 126 m and, as can
be seen in the figure, an ellipsoidal hub was adopted. Nei-
ther the nacelle geometry nor the tower are considered in the
numerical model. In this way, absolute formulation (AFM)
could be used to describe the rotational motion of the turbine,
meaning that the equations are solved in the moving (rotat-
ing) reference frame but written in terms of inertial reference
frame quantities.

The numerical domain consists of a circular cylinder with
a diameter of 6D and a length of 15D, Fig. 2; the turbine is
positioned at a distance of 1/5 of the lengthmeasured from the

Fig. 6 Turbulence viscosity ratio (TVR) in model scale (left) and full
scale (right) in different blade section

inlet, dimensions adopted according to the ones suggested by
Wu et al. (2015) and Giahi and Dehkordi (2016). The domain
boundaries are defined by uniform inlet velocity, pressure
outlet, and constant pressure in the far-field and non-slip sur-
face on the rotor body (Table 1).

The computational grids are generated using hexahe-
dral elements and prismatic layers are applied on the rotor
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Fig. 7 Turbulence viscosity ratio in model (left) and full (right) scales for TSR = 3 (above) and TSR = 7 (below) on a Q-criterion surface (Q = 5)

surface; Fig. 3 shows a typical grid layout. All grids are
generated, such that y+ ≈ 1 with cell growth in the wall
normal direction of 1.20. This is done to avoid the use
of wall functions and to properly model the flow in the
immediate vicinity of the body surface, which is of utmost
importance for the low Reynolds numbers. Two refine-
ment blocks are applied near the rotor, which contain the
regions of greatest details. The grids have 28 million ele-
ments.

The time-step adopted in the simulations is equal to a
rotation interval of 1◦ in the TSR = 7 condition. The residuals
are typically of order 10−6 in all simulations.

To investigate the aerodynamic behavior of the rotor,
the incident wind speed is kept constant in time, uni-
form, and equal to 11.4 m/s in full scale and 1.61 m/s in
model scale (in accordance with the Froude-scaling law),
as shown in Table 2. Five angular speeds of rotor are
imposed for each scale, resulting in five different tip-speed-
ratio (TSR) conditions, which are kept the same in both
scales.

3 Results and discussion

Thepower and thrust coefficients of the rotor derived from the
simulations in both scales are shown, respectively, in Figs. 4
and 5.

There are no experimental data available concerning the
full-scale performance; therefore, the CFD computations are
compared to estimated coefficients based on the FAST code.
One can observe in the figures that the results show good
agreement for the power coefficient and a reasonable one
regarding the thrust coefficient.

For the model-scale performance, there are experimental
data available and the aerodynamic coefficients presented in
Martin et al. (2014) were taken as a reference. The agreement
between numerical predictions and those obtained from the
experiments is indeed fairly good both for the thrust and the
power coefficients.An interesting trend can be observed here,
for the power coefficient in model scale shows a somewhat
unexpected behavior. For low TSR, the power coefficient
is almost null, while for higher ones, it is negative (mean-
ing that, for those particular combinations of wind and rotor
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Fig. 8 Pressure coefficient Cpn on the suction side of the blade inmodel
scale (left) and full scale (right)

speed, the rotor is actually supplying power to the flow rather
than extracting energy from it).

The performance of the turbine is clearly much poorer in
model scale, especially regarding the power, which largely
depends on the lift provided by the blades. This happens,
because the variation of the Reynolds number of the flow
is extremely large: in model scale, the Reynolds number
is 104, while for the flow in full scale is 107. Due to this,
the flow around the blades’s foils is quite different, some-
thing that can be illustrated by the results in Figs. 6 and
7, where the turbulent viscosity ratio in the two scales can
be shown over the blades for lowest and highest TSRs.
In general, while the boundary layer remains attached to
the airfoil in the full scale, with separation occurring only
near the trailing edge, in the model scale, the flow detaches
much sooner when exposed to larger adverse pressure gra-
dients. As a result, the pressure distribution on the blades
is very different, as shown in Fig. 8, where the pressure
coefficient on the suction side of a blade is plotted in
both scales for some of the TSRs. In model scale, clearly
the pressure on the suction side of the blade increases
and, as a consequence, the amount of produced power is
reduced.

4 Conclusions

In this paper, a commercial CFD code has been applied to
investigate the aerodynamic behavior of the rotor of NREL’s
5MW turbine in model and full-scale. The CFD results
have been compared to numerical (BEMT code—FAST)
and experimental data which were available in the literature.
The comparison of results for power and thrust coefficients
shows good agreement in both scales, attesting that the CFD
model was capable of reproducing the scale effects involved
in a proper way. Moreover, it is important to highlight that
the agreement with the experimental results was particularly
good, with the model being able to capture the trends in both
the thrust and power coefficients. Indeed, this is not an easy
task to accomplish regarding the numerical modeling of the
blades, as the previous attempts of Make and Vaz (2015)
may attest. The scale effects on the performance of the tur-
bine are very large, and the numerical model shows that the
flow on the model blades is generally heavily separated. As a
consequence, for the conditions tested, the model rotor expe-
riences around 50% less thrust and provides no significant
power. The drop in the thrust is specially important regard-
ing the wave-basin tests, for it also affects the dynamics of
the floater and mooring lines. The good performance of the
CFD model attests that it is indeed an invaluable tool for
predicting the scale effects involved in the wave tests fre-
quently carried out for the FOWTs and certainly one that
can be used in the attempt to mitigate them in the future,
thus rendering these tests more representative of the real
dynamics of the FOWTs in waves. In this respect, new CFD
results including prescribed motions of the floater may be
a convenient next step in the understanding of the problem.
This is, in fact, the approach adopted for instance by Wu
et al. (2015). Bolder attempts should not be excluded, of
course, including the invaluable efforts to model the whole
FOWT in wind and waves, an approach followed, for exam-
ple, by Zhou et al. (2019), Liu et al. (2017), and Cheng et al.
(2019).
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Appendix: Sensitivity analysis

The sensitivity analyses are performed to full and model
scale. Domain size, grid refinement, and time step are inves-
tigated for the Tip-speed ratio of TSR = 3 and TSR = 7.
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Table 3 Domain size sensitivity

Domain ID Downstream (m) Upstream (m) Radial (m)

A 4D D 2D

B 8D 2D 4D

C 12D 3D 6D

The domain size analysis is carried out to mitigate the
effect of boundary conditions on the numerical solution.
Three cylindrical domains are investigated (see Fig. 1) and
their dimensions are presented in Table 3, as a function of
the turbine diameter.

Figure 9 shows the axial velocity coefficient, normalized
by incident wind velocity, and blank spaces are regions that
difference for incident wind velocity are less than 0.5%. For
the smallest domain (especially, TSR = 7), the domain size
increases the local velocity near the side boundary.

Table 4 shows the Ct and Cp results, as well the errors
relative to the largest domain results, that the influence of
boundary conditions is less significant. In the model scale,
domain A does not converge to TSR = 7, probably by local
velocity increasing and the grid does not able to capture the
gradients. The influence of domain size is more pronounced
in the model scale than in the full scale, due to flow instabil-
ities for this Reynolds number. However, in both scales, Ct

and Cp errors tend to decrease with larger domains. There-
fore, domain C is chosen for all simulations.

Grid sensitivity studies are carried out for five grids, see
Table 5. To maintain the geometry as similar as possible
between the grids, some procedures are taken. The location
of the refinement blocks and the prismatic layers (y+ ≈ 1)
are kept the same in all grids. The grid quality is ensured;
90% of the elements have cell quality between 0.95 and 1.0,
which represents a perfect cubic cell. The refinement blocks
are defined as a percentage of the base size, which is 5% of

Fig. 9 Axial velocity coefficient in full scale for TSR = 3 (left) and TSR = 7 (right). Domains A (above), domain B (middle), and domain C (below)
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Table 4 Ct and Cp results for
each domain

Scale Domain ID TSR (–) Ct (–) Ct error (%) Cp (–) Cp error (%)

Full A 3.0 0.2115 1.55 0.1292 1.16

Full B 3.0 0.2063 0.93 0.1290 1.27

Full C 3.0 0.2082 - 0.1307 –

Full A 7.0 0.8523 3.20 0.5372 7.66

Full B 7.0 0.8243 0.19 0.4983 0.13

Full C 7.0 0.8259 - 0.4989 –

Model A 3.0 0.2129 5.48 0.0068 9.27

Model B 3.0 0.2100 4.06 0.0065 5.74

Model C 3.0 0.2018 – 0.0062 –

Model A 7.0 – – – –

Model B 7.0 0.3697 7.71 −0.0829 4.45

Model C 7.0 0.3433 – −0.0868 –

Table 5 Grid size and CPU
time

Scale Grid ID Grid size (106) CPU time (h)

Full G 9.82 23.7

Full H 15.21 38.1

Full I 20.50 44.4

Full J 28.70 62.2

Full K 40.35 84.0

Model G 10.05 32.4

Model H 15.98 44.3

Model I 20.77 48.6

Model J 28.84 69.0

Model K 41.45 90.7

Table 6 Ct and Cp for each
grid

Scale Grid ID TSR (–) Ct (–) Error Ct (%) Cp (–) Error Cp (%)

Full G 3.0 0.2066 0.10 0.1260 5.40

Full H 3.0 0.2029 1.88 0.1288 3.35

Full I 3.0 0.2039 1.39 0.1285 3.59

Full J 3.0 0.2059 0.40 0.1298 2.54

Full K 3.0 0.2068 – 0.1332 –

Full G 7.0 0.8224 3.51 0.4902 5.43

Full H 7.0 0.8226 3.54 0.4950 6.45

Full I 7.0 0.8142 2.48 0.4754 2.24

Full J 7.0 0.8053 1.36 0.4677 0.59

Full K 7.0 0.7945 – 0.4650 –

Model G 3.0 0.2456 33.77 0.0046 61.28

Model H 3.0 0.2100 14.38 0.0065 45.01

Model I 3.0 0.1919 4.52 0.0110 7.40

Model J 3.0 0.1878 2.30 0.0116 2.75

Model K 3.0 0.1836 – 0.0119 –

Model G 7.0 0.3722 3.45 −0.0723 36.88

Model H 7.0 0.3697 2.77 −0.0829 27.64

Model I 7.0 0.3430 4.68 −0.1059 7.57

Model J 7.0 0.3530 1.90 −0.1115 2.68

Model K 7.0 0.3598 – −0.1146 –
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Table 7 Ct and Cp results for
each time-step

Scale Time ID TSR (–) Ct (–) Erro Ct (%) Ct (–) Erro Ct (%)

Full 1.5t 3 0.2070 0.10 0.1401 1.94

Full t 3 0.2077 0.20 0.1419 0.75

Full 0.5t 3 0.2072 – 0.1429 –

Full 1.5t 7 0.8322 3.49 0.5057 8.08

Full t 7 0.8053 0.15 0.4677 0.03

Full 0.5t 7 0.8041 – 0.4679 –

Model 1.5t 3 0.1949 3.53 0.0133 14.19

Model t 3 0.1878 0.21 0.0115 1.16

Model 0.5t 3 0.1882 – 0.0117 –

Model 1.5t 7 0.3745 5.94 −0.1392 24.11

Model t 7 0.3529 0.15 −0.1115 0.57

Model 0.5t 7 0.3535 – −0.1122 –

the rotor diameter for the coarse grid. The grids vary between
9 and 41 million of elements and the CPU time1 for TSR =
7 and four revolutions are given as guide for computational
costs.

Table 6 shows the Ct and Cp results for each grid and the
errors relative to the finest grid results. The errors decrease
with grid refinement. However, the difference between grid
J and grid K is small (less than 3% for model-scale), while
the computational cost for grid K is 30% higher than grid J .
Therefore, grid J (28 million) is chosen.

The initial time-step (t) is equal to a rotation interval of
1 degree in the TSR = 7 condition. Two other time-steps are
analyzed, 1.5t and 0.5t . Table 7 shows the Ct and Cp results
and the errors relative to the smallest time-step. Significant
differences are presented for 1.5t time-step; otherwise, for
the initial time-step t , there is a minor difference. Therefore,
the initial time-step is appropriated.
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