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1 Introduction

Wind turbines operate in the atmospheric boundary layer andtheir rotating mech-
anisms provide complicated aerodynamic phenomena within their operating envi-
ronments. When the upstream wind is uniform and normal to theplane of a rotating
blade, rotational effects (i.e. rotational augmentation)emerge. Rotational augmen-
tation means that stall occurs at a higher angle of attack on the rotating blade section
than it does on an analogous stationary airfoil. It is conjectured that the rotational
augmentation is a main reason for the deviations between thepredicted and mea-
sured performance of wind turbines [11]. Understanding themechanism for rota-
tional augmentation is important to design prediction models.

At yaw, the blades operate in periodically oscillating condition and dynamic stall
is dominant on the flow around the blade [10]. The generated force accumulates
fatigue loads reducing the life cycle of wind turbines. Due to a strong 3-D phe-
nomenon at a deep stall, it would be extremely challenging topredict the flow on
the pitching airfoil by using Reynolds Averaged Navier-Stokes (RANS) approaches.

In this study, rotational augmentation and dynamic stall are investigated using
large-eddy simulations (LES). In particular, the effect offreestream turbulence on
the dynamic stall hysteresis is studied by using the recently developed divergence-
free turbulence inflow generation method [6]. Up to our knowledge, there is very
little works on the effect of freestream turbulence on the dynamic stall characteris-
tics and none with LES approaches.
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Fig. 1 Schematics of (a) the domain and boundary conditions (not toscale) and (b)
coordinate system on the rotating blade.

2 Methodology

A NACA 0012 airfoil was used for both the rotational augmentation and dynamic
stall studies. A rotating reference frame was applied for the former and a dynamic
mesh was used for the latter. A common methodology for both studies is described
first, then details will be explained in the following sections. A Reynolds number
Re =U∞c/ν = 135,000 was used whereU∞ is the freestream velocity andc is the
chord length. The domain size wasR = 22c,W = 33c (see Fig.1a). The mixed-time-
scale (MTS) SGS model [3] was used. A simple top-hat filter wasapplied for the
explicit filter in the MTS model.

A second order, implicit scheme was used for the time derivative and the second
order bounded Gamma scheme [4]) was used for the convection term. The finite
volume based, transient incompressible flow solver from OpenFOAM [8] was used
and the PIMPLE (SIMPLE + PISO) algorithm was used for the velocity-pressure
coupling. Constant velocity components and zero pressure gradients were imposed
on the inlet boundary and zero velocity gradients and a constant pressure were im-
posed on the outlet boundary. Note that thex and y coordinates (with the origin
at the leading edge of the airfoil) used throughout all simulations represented the
streamwise and cross-flow directions respectively.

3 Rotational augmentation

Gross et al.’s [2] method was applied for the rotational augmentation study. They
derived the governing equations in a rotating reference frame by using an order-
of-magnitude analysis for the blade sectional simulation with a periodic boundary
condition in the spanwise direction. They-axis was the rotating axis with a constant
angular velocity,Ω , as shown in Fig.1b wherer is the radial vector from the rotating
axis. With r = (0,0,−r0), it is assumed thatr0 is constant for the whole domain
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Fig. 2 Pressure coefficients from experiments (Exp1: [9], Exp2: [7]), stationary (ST) and rotating
(RT) airfoil cases.

so that the source term on the right-hand side of the Navier-Stokes equations in
Cartesian coordinates is

fs =−
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Note thatfs, Ω , U are vectors. The number of grid points around the airfoil was
increased by using a local refinement until the pressure and skin-friction were con-
verged. The domain width wasLz = 0.25c and the total number of cells was about
21×106 with 942 grid points along the airfoil surface and 128 pointsin the spanwise
direction near the airfoil. The first off-wall grid point wasplaced aty1 ≈ 7×10−5c.
Averaging started once the lift coefficient reached a statistically converged state
and the averaging was done over about 8T , whereT = c/U∞; the time step was
t/T = 0.00015.

Two different flow conditions, pre- (i.e.α = 10◦) and post- (i.e.α = 14◦) stall,
were simulated as baseline cases and compared with experimental data [7, 9]. Pres-
sure coefficients are shown in Fig.2. The peak pressure plateau, size of bubble and
separation points both for the pre- and post-stall cases arepredicted well compared
with the reference data. Based on these stationary cases, the rotating blade was sim-
ulated. Rotation numbersRo = Ωc/U∞ are 2.27 and 1.60 for pre- and post-stall
cases respectively. When the flow is attached (e.g. atα = 10◦ in Fig.2), there is little
difference between the flows over the stationary and rotating airfoils. This is because
the spanwise flow due to the centrifugal force is weak which leads little Coriolis ac-
celeration. When the flow is detached (i.e. atα = 14◦), however, the spanwise flow
increases, leading to a strong and favourable pressure gradient in the chord-wise
direction, generated by the Coriolis force.

The mechanism for rotational augmentation has been explained mainly in two
ways. Firstly, the centrifugal force pushes the air to the tip and the mass depletion
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Fig. 3 The effect of freestream turbulence on the lift and drag coefficients. Note that the suffix ‘0’
indicates the input variables. Exp is taken from [7]

due to the radial flow thins the boundary layer thickness leading a low pressure on
the suction side. Secondly, the radial flow to the blade tip provides Coriolis acceler-
ation toward the trailing edge. This acceleration acts as favourable pressure gradient
thus increases the lift.

Gross et al. [2] further scrutinized that the spanwise flow provides cross-flow
instability which triggers early transition thus it delaysseparation and suppresses the
boundary layer. They excluded the mass depletion effect by adopting the periodic
boundary condition in the spanwise direction but did not discuss on the contribution
of the Coriolis effect on rotational augmentation. In orderto further specifically
identify the problem, we excluded considering the mass depletion as in [2] and
used a NACA 0012 airfoil rather than a S833 airfoil. This airfoil is a leading edge
separation type and the transition point is very close to theleading edge. Thus it is
expected that the effect of the early transition by the cross-flow instability would be
minor for this airfoil. Therefore it is demonstrated that the Coriolis acceleration is a
primary mechanism for rotational augmentation.

4 Dynamic stall

Dynamic stall is a phenomenon associated with an unsteady airfoil (or lifting sur-
face) motion that presents large hysteresis on lift, drag and pitching moment while
the incidence is beyond its static stall angle. For the dynamic stall study, a pitch-
ing airfoil was simulated by using a dynamic mesh [8]. The pitching motion was
α(t) = 10+15sin(ωt). The reduced frequency,kred(=

ωc
2U∞

), was 0.05 whereω was
the pitching frequency. This frequency is typical of operating conditions for wind
turbines.

The effect of freestream turbulence over a static airfoil issignificant [5]. The
effect of freestream turbulence on the flow over a pitching airfoil is reported here.
The divergence-free turbulence inflow condition was applied on a 2-D transverse
plane placed at 7c upstream from the leading edge. The turbulent intensity (TI) was
set to 10% and it naturally decays along the streamwise direction. The turbulent
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Fig. 4 Instantaneous spanwise (z) vorticity component at the mid-span atα = 14.2 ↓ with TI0 =
0% (left) and withTI0 = 10% (right). The vorticity fields are normalized byU∞ andc.

intensity at the leading edge location wasT I = 6.3%, and kept nearly constant down
to the trailing edge location when the airfoil was not placedin the domain.

Mesh convergence tests were carefully conducted with various resolutions and
domain sizes. The optimal mesh was chosen and the number of grid points was
738×205× 20 in the circumferential, cross-flow and spanwise directions respec-
tively. The first grid points from the airfoil were located aty1 ≈ 2× 10−4c. The
domain width in the spanwise direction was set toLz = 0.5 and a symmetric bound-
ary condition was applied in this direction.

Lift and drag coefficients for pitching airfoil cases are shown in Fig.3. The nu-
merical results are taken from the second cycle and two cycles were used for the
phase average. The calculated lift and drag hysteresis generally show good agree-
ment with the experimental data withT I0 = 0%. The maximum lift occurs at slightly
lower incidence and the hysteresis loop is smaller for the calculation than that in the
experiment.

Generally freestream turbulence does not significantly change the drag and mo-
ment (not shown) hysteresis at the given conditions as shownin Fig. 3. It only
slightly reduces the maximum drag coefficient, which might because the freestream
turbulence suppress the separation flows. The angles for themaximum lift and drag
are nearly the same as those for caseT I0 = 0%. But it is evident that freestream tur-
bulence does have an impact on the lift during the downstroke. The lift increases for
the turbulence inflow case compared with that for the laminarinflow case and the in-
crement is about∆CL ≈ 0.2. This is again because the separated flow is suppressed
by freestream turbulence. Amandolèse and Széchényi [1]measured the upstream
turbulence effects on the flow over a pitching airfoil. Similarities can be found from
their works although the setting parameters are not the same.

Fig. 4 shows snapshots of the effect of freestream turbulence on the pitching air-
foil during the downstroke. The separated flows are significantly suppressed by the
freestream turbulence. The interactions are also found evidently in other incidence
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during the downstroke. These interactions lead a decrease of the separated region
and an increase of the lift during the downstroke.

5 Conclusion

This paper addresses three challenging points in LES/DNS approaches for wind
turbine flows, namely modelling rotation augmentation, using dynamic mesh and
inflow generation. The required massive computational resources (i.e. simulations
of a few cycles of pitching motion) make these tasks even moredifficult in prac-
tice. Up to our knowledge, this is the first attempt to tackle these problems. Our
numerical work is novel in terms of identifying the mechanism which is crucial in
understanding these flows. We exclusively identify that theeffect of the Coriolis ac-
celeration is a primary factor on rotational augmentation for airfoils with a leading
edge separation. The effect of freestream turbulence on dynamic stall is investigated
using our recently developed efficient inflow generator, andis found not small which
confirms the experiments in the literature. In addition, theLES capability has been
demonstrated for highly separated and strong 3-D flows, e.g.the dynamic stall.
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