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Hybrid RANS/LES simulations of the
three-dimensional ﬂow at root region of a 10
MW wind turbine rotor
Galih Bangga, Pascal Weihing, Thorsten Lutz and Ewald Krämer

Abstract Numerical computations using the Unsteady Reynolds Averaged NavierStokes (URANS) and Delayed Detached-Eddy Simulations (DDES) approaches are
carried out to investigate the complex three-dimensional ﬂow in the root region of a
generic 10 MW wind turbine rotor. Preliminary studies regarding the time step size
and the number of rotor revolution required for the time averaging procedure are
conducted. In the blade outer region, URANS is sufﬁcient to predict the general ﬂow
characteristics, but small discrepancies are observed in the blade root area where the
ﬂow is massively separated.

1 Introduction
A large demand of electricity and increasing public awareness towards environmental friendly energy sources have led to rapid development of wind turbines. To fulﬁl
these needs, two options can be used: (1) establish more wind farms or (2) increase
the turbine size to enhance the power production of each turbine. With many technical constraints involved, direct up-scaling of the turbine is not desirable for wind
turbine rotors above 10 MW because the aerodynamic and structural behaviors of
these machines are not well understood. The current state of the art aerodynamic
tools are not yet well validated for these large wind turbine rotors [17]. Furthermore, the increasing wind turbine size enforces the use of much thicker airfoils in
the inboard area, extending further outboard longer than the smaller rotors, to provide the necessary structural stability. This is not desirable as the thick airfoils often
deteriorate the aerodynamic performance. Baker et al. [2] and Bangga et al. [5] documented that thicker airfoils tend to have a lower lift to drag ratio and earlier stall,
especially under soiled (tripped) conditions.
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It was widely documented [2, 3, 5, 18–23] that URANS hardly predicts the ﬂow
characteristics of airfoils in the post stall conditions. Unfortunately, even the use of
the most modern turbulence models could not essentially improve the situation [7,8].
Baker et al. [2] and Bangga et al. [5] showed that the maximum lift coefﬁcient of the
inboard airfoil is overpredicted in their CFD simulations. The ﬂuid ﬂow in the blade
inboard region is highly complex and not well understood. The complexity stems
from the combinations of massive ﬂow separation at high angle of attack and threedimensional effects due to blade rotation. Many attempts using RANS simulations
have been carried out for this issue, but most of the results were inaccurate at high
wind speed case under stalled conditions.
Large Eddy Simulations (LES) offer a better prediction for massively separated
ﬂow ﬁeld, but the computational cost is way more expensive than RANS. The idea
of the hybrid RANS/LES technique, also known as Detached-Eddy Simulations
(DES), is to design a turbulence model such that it works as a RANS model within
the boundary layer, in order to save computational time, while working in the outer
ﬂow regime as a sub-grid-scale model to resolve the dominant turbulent structures
in LES mode [24]. By doing so, the 3D ﬂow characteristics are better captured while
the computational cost can be kept small. It has been shown by Johansen et al. [10]
that DES calculations were able to resolve more 3D ﬂow structures near the blade
root compared to RANS which allowed a better examination on the 3D effects. Using the same turbine, Li et al. [14] conﬁrmed this observation for the NREL Phase
VI rotor.
On this basis, the present study aims to obtain a better insight into the 3D effects
for large turbines by employing the capability of DDES for separated ﬂow. The
preliminary study on the temporal resolution is presented in Section 3.1. The results
are compared with the URANS simulations and detailed examinations are presented
in Section 3.2. The investigation is then concluded in Section 4.

2 Computational Methods
2.1 Turbulence Modelling
In the present study, the turbulence is modelled by the Delayed Detached-Eddy Simulations (DDES) approach [21]. The method was developed to prevent the occurrence of the Modeled-Stress Depletion (MSD) and Grid-Induced Separation (GIS)
[20] for ambiguous grid size usually observed in the original DES method [19].
The idea is similar to the boundary layer shielding approach proposed by Menter
and Kuntz [15]. The DDES formulation is general and applicable to any turbulence
model that involves an eddy viscosity [21]. This is done by revising the deﬁnition
of the DES length scale (lDDES ) in DES97 as [18]
lDDES = lRANS − fd max [0, (lRANS − lLES )] ,

(1)
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In order to create a shielding of the boundary layer, the deﬁned DDES length scale is
coupled with the RANS model through lRANS , where lRANS = k1/2 /(Cμ ω) depends
on the turbulent kinetic energy (k), its speciﬁc dissipation rate (ω) and a constant
(Cμ ). The delaying function is deﬁned as fd = 1 − tanh[(8rd )3 ] and the quantity of
rd is deﬁned as
rd =



ν + νt

κ 2 dw2 max [Σi j (∂ ui /∂ x j )2 ]1/2 , 10−10

,

(2)

where ν and νt are the laminar and turbulent viscosities, respectively, κ is the
Kármán constant and dw deﬁnes the wall distance. This variable is zero in a free
shear ﬂow and unity in a log layer [18]. In the present studies, the near wall RANS
model uses the Menter SST turbulence model [16].

2.2 Test Cases and Computational Setup
The 10 MW rotor studied in this paper is the AVATAR blade [13] developed based
on the DTU 10 MW wind turbine [1]. The aim is to model the aerodynamic characteristics of turbines larger than 10 MW with similar accuracy as is done for commercially sized turbines today [17]. The axial induction factor a is reduced to below
1/3, lying within 0.23 < a < 0.28 which is better from a cost of energy point of
view [17]. This design concept is denoted as low induction rotor or LIR concept.
The chosen rated wind speed for this turbine is 10.75 m/s. The factor of 1.15 in radial direction is used to scale the original DTU 10 MW wind turbine by maintaining
the output power to be the same, resulting to a radius of R = 102.9 m. In the present
study, two different wind speeds, near the rated and under stalled conditions, are
examined: U∞ = 10.5 m/s and 20 m/s, respectively. The rotational speed and the
pitch angle were kept constant at 9.02 rpm (Ω ≈ 0.94 rad/s) and 0◦ , respectively, in
order to obtain different angles of attack α for the blade sections with the variation
of the wind speeds. No tower was considered in these studies to isolate the resulting
3D ﬂow ﬁeld from the unsteady tower disturbances.
The CFD simulations presented in this paper were carried out using the blockstructured solver FLOWer from the German Aerospace Center (DLR) [12]. The
code was continuously developed for wind turbine applications during the last years
at the Institute of Aerodynamics and Gas Dynamics - University of Stuttgart [8]. The
Jameson-Schmidt-Turkel (JST) [9] ﬁnite volume formulation method with second
order accuracy on smooth meshes is used. Dual time-stepping with second-order
accuracy in time, multi-grid level 2 and the implicit residual smoothing with variable
coefﬁcients were applied [12].
The simulations are performed by modelling only one blade assuming ﬂow periodicity. A uniform inﬂow condition is imposed at the farﬁeld boundary. The computational domain size is set to 2000 m x 2000 m in streamwise (X) and crossﬂow
(Z) directions, respectively, and the center of rotation is located at the origin. It
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Fig. 1: Meshes used in the simulations. BGm (green), Rm (yellow), Bm (purple),
and Nm (red) represent the background, wake reﬁnement, blade and nacelle meshes,
respectively. X, Y and Z are the inertial coordinate system.

shall be noted that the shape of the domain is 1/3 of cylinder (Figure 1). The grid
consists of several components: background (BGm ), wake reﬁnement (Rm ), blade
(Bm ) and nacelle (Nm ) meshes, shown in Figure 1. The blade mesh uses the C-H
topology with the resolution of 280x128x192 cells in chordwise, normal and radial
directions, respectively. The non-dimensional wall distance of all the components
is set to meet y+ < 1 as no wall function is employed. A grid number of 32 cells
is located across the boundary layer. A grid dependency study for this blade mesh
was carried out in [6], implying that the present blade mesh resolution is sufﬁcient
to predict the sectional loads. The cell size of the wake reﬁnement mesh (Rm ) is 1
m at the tip location, and becomes ﬁner closer to the root area. The cells number of
this speciﬁc grid component reaches 16.3 million, while the total number of cells for
all the grid components is 32.7 million. This resolution was observed to sufﬁciently
capture the vortex development downstream of the turbine by Kim et al. [11]. The
overset (Chimera) method is used which allows the mesh of each component to be
built separately, simplifying the mesh generation signiﬁcantly.

3 CFD Results
3.1 Dependency of the DDES Results upon Time-step Sizes
In this section, the dependency of the DDES solutions towards variation of the time
step size, Δt = 1◦ to 3◦ , is examined for the 10.5 m/s wind speed case. It is worthwhile to mention that the relation between the time steps in [◦ ] and in [s] is given by
Δt[s] = Δt[◦ ]/(Ω360◦ ). At ﬁrst, the calculations were performed up to 10 blade revolutions until the wake is fully developed. Then, the simulations were restarted from
this conditions. In Figures 2 and 3, there are shown that the mean sectional loads and
their frequency spectra for various rotor revolutions (R1 - R6) are similar. It shall be
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Fig. 2: Time-averaged sectional loads over one (R1) up to six rotor revolutions (R6).
The time averaging uses the standard averaging procedure, i.e., the sum of all values
divided by the number of data. FX and FT indicate the rotor axial and tangential
forces, respectively.
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noted that the time averaging was carried out by excluding the ﬁrst 10 revolutions.
This means that R1 is for 11 (10+1) rotor revolutions, R3 for 13 (10+3) and R6 for
16 (10+6). With increasing number of revolutions, the solutions are converged at a
certain value with little variation over each revolution. It is shown in Figure 3 that
the amplitude for R1 is smaller in the blade inboard region and a bit higher in the
outer blade sections compared to R3 and R6, but the general trend of the spectra is
similar. Therefore, time-averaging over one revolution (R1) is sufﬁcient and applied
1.0
for the rest of the simulations.
DDES
Figure 4 shows that the tangential
force predicted by DDES varies de0.5
pending on the used time step size,
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inboard region is caused by the ﬁner re- Fig. 4: Time-averaged tangential force for
various time step sizes.
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solved ﬂow structures for the smaller time step. This happens because the time step
size becomes much smaller than the convective time of a ﬂuid particle passing the
local airfoil section, deﬁned by Δtc = c/V , where c and V are the local chord length
and kinematic velocity, deﬁned as V = (U∞2 + (Ωr)2 )0.5 . The convective time scale
depends on the operating conditions of the rotor. In the outer region, the tangential
force almost coincides each other due to two main reasons. (1) The ﬂow is attached
so that the smaller time step does not improve the solutions. (2) The ﬁne turbulent scales due to ﬂow unsteadiness are not accurately captured in the simulations
as the time step size is of the order of the ﬂow convective time. For example, the
convective time near the tip is about Δtc = 3.46◦ that the ratio of Δt/Δtc is about
28.9% (for Δt = 1◦ ). At r/R = 0.2, the ratio becomes considerably smaller (Δt/Δtc
= 1.06%) as the kinematic velocity is smaller. Furthermore, it has been shown by
Bangga et al. [4, 6] that the ﬂow was massively separated in the blade root region.
It was further observed that a strong radial ﬂow occurs within the separation area
causing remarkable 3D effects.

3.2 Comparison with URANS
The comparison between the URANS and DDES computations for the AVATAR
blade with the same near wall turbulence model, namely the Menter SST k − ω [16]
is discussed in this section. The wake structures downstream of the rotor is shown
in Figure 5. It can be seen that the size of the ﬂow structures using both methods are
very similar. According to [23], DES simulations require different numerical set-up
than RANS. However, Waldmann et al. [22] documented that DES and URANS
clearly showed different results even though the set-up was the same. On this basis,
a more detailed exploration needs to be conducted. Figure 6 (left) shows the enlarged view of the ﬂow topology near the turbine around the root area. It reveals that

Fig. 5: Wake structures of the AVATAR rotor visualized by the λ2 = -0.0827 s−2
iso-surface predicted by URANS and DDES for Δt = 2◦ .
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Fig. 6: Trailing vortex structures in the blade inboard region colored by the vorticity
in Y -direction [1/s], λ2 = -0.827 s−2 (left). Representation of the RANS (red) and
LES (blue) zones around the blade sections at r/R = 0.2 and 0.6 (right).
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Fig. 7: Nondimensional sectional loads using two different turbulence models. V
represents the local kinematic velocity, R is the rotor radius and ρ is the air density.
FX and FT indicate the rotor axial and tangential forces, respectively.

the DDES prediction of the trailing vortex system slightly differs to the URANS
results. DDES predicts stronger counter-rotating trailing vortices with opposing direction compared to URANS near the location marked by p (at r/R ≈ 0.17), see
Figure 6 (left). The discrepancies arise because massive ﬂow separation is occurred
in the blade inboard area. In this situation, the DDES capability in resolving ﬂow
structures using LES outside of the boundary layer takes its advantage. Figure 6
(right) illustrates that LES is properly employed outside of the boundary layer (blue
color) and RANS is applied near the wall (red color). Furthermore, as discussed
above, the time step size is reasonably small enough compared to the convective
time scale in the blade inboard area (Δt/Δtc = 1.06% for r/R = 0.2) that an appropriate DDES computation can be performed. However, ﬁnding the time step limit
where DDES is applicable is not part of the present works, and is recommended for
future studies.
The trailing vortices in Figure 6 are the results of the radial load distributions
shown in Figure 7. Any variation of the loads inﬂuences the strength of the inboard vortex. It can be seen that the sectional loads (FX and FT ) increase locally
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Fig. 8: Cp distributions at various radial stations for U∞ = 20 m/s. The error bars
indicate the standard deviation of the unsteady ﬂuctuations.

Fig. 9: Time-averaged kinematic streamwise velocity contour. W and L indicate the
width of the separation area and the length of the accelerating ﬂow region, respectively.

at r/R = 0.17, especially for the wind speed case of 20 m/s. This implies that the
counter-rotating vortices near point p become stronger with increasing wind speed.
Additionally, DDES predicts locally higher loads than URANS at this position. As
a consequence, the vortical structures for the DDES simulations are also stronger
than for the URANS results around this area, see Figure 6 (left).
Figure 8 demonstrates how the turbulence models affect the characteristics of Cp
distribution for some selected radii. As already expected, DDES improves the CFD
predictions only within the massively separated ﬂow region, i.e., the pressure distributions are identical for attached and mildly separated ﬂows (0.35R and 0.6R). The
deviations occur within the separation area where DDES shows a smaller pressure
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compared to URANS. It can be also seen that a noticeable deviation between DDES
and URANS happens only when a strong unsteadiness occurs on the ﬂow, as illustrated by the error bars in Figure 8 at r/R = 0.1 and 0.2. Figure 9 illustrates the ﬂow
ﬁeld creating the pressure distribution of the blade section at 0.2R. The streamwise
velocity ﬁeld is non-dimensionalized by the wind speed (U∞ = 20 m/s). Generally,
the ﬂow ﬁelds predicted by DDES and URANS are similar, but some discrepancies are observed on the suction side of the airfoil. It can be seen that the width of
the separation area, indicated by letter W, for DDES is smaller than for URANS.
As a result, the vertical displacement of the separation area is narrower than in the
URANS prediction, that facilitates the ﬂow to be accelerated further downstream,
indicated by letter L. These cause DDES to predict a smaller pressure than URANS
in the Cp distribution. Accordingly, the higher sectional loads at this position are
observed in Figure 7.

4 Conclusion
Numerical simulations for the AVATAR rotor have been carried out using delayed
detached-eddy simulations and Reynolds averaged Navier-Stokes approaches. A
study on the impact of the number of blade revolutions and time-step (Δt) size were
conducted. The simulations were carried out for 11 (10+1) rotor revolutions. The
data extraction was performed only for the last one revolution, that is sufﬁcient to
capture the sectional loads and their frequency spectra. The chosen time step size of
the studies is of Δt = 2◦ . Comparison with URANS demonstrate that DDES does not
signiﬁcantly improve the sectional load predictions if the mesh and time step resolutions use the RANS set-up. It is observed that URANS is sufﬁcient for the wind
turbine prediction if no massive separation is encountered. On the other hand, the
discrepancies between the used turbulence models are observed in the root region
where the ﬂow is separated with a strong unsteady ﬂuctuation. For future studies, it
is recommended to evaluate the limit of the ratio between the employed time step to
the local convective time scale for a proper DDES computation.
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