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Abstract

We present Direct Numerical Simulation (DNS) of low-speed
flow past a full stationary wind-turbine blade (without twist).
This work is motivated to produce a DNS database for verifi-
cation of solvers and turbulent models utilized in wind-turbine
modeling community. DNS computations are carried out for a
Reynolds numbers of Re = 10,000 with blade aligned along the
free stream direction (zero angle of attack). Composite over-
lapping grid approach is utilized to perform the DNS.Three dif-
ferent shedding regimes along the blade length are observed.
The first regime comprises of a von-Kármán type shedding in
cylinder shaft region, followed by a near body shear layer break
down along the airfoil section of the blade. The blade tip region
is characterized by a long tip vortex, which exits the computa-
tional plane without being significant perturbed. Flow transi-
tion from laminar to turbulent flow is observed along the blade
length with increasing turbulent fluctuations as one traverses the
blade from the base to the blade tip, where the flow remains
laminar. Strouhal numbers is found to decrease monotonously
along the blade length and achieves a zero value at the blade tip.
Average lift and drag coefficients for the whole turbine blade are
also reported for the case investigated.

Introduction

Wind energy is anticipated to play a vital role in the economics
of the renewable energy sector. With an increasing number
of wind-turbine farms across the globe, it is desired to ac-
curately predict aerodynamics characteristics of wind-turbine
and its components under varying operating conditions. For
wind farms, it is important to characterize wind-turbine wakes.
These wakes are accompanied by momentum deficits and in-
creased turbulence level, which severely affect the performance
of downstream turbines. The dynamical evolution of wind-
turbine wake and its size depend on a number of factors that
include ambient wind velocity, incoming turbulence levels, type
of turbine, terrain and the structure of boundary layer related to
atmospheric stratification. Accurate predictions of aerodynam-
ics quantities are, thus, critical to improve the engineering de-
signs, leading to much lighter and efficient wind turbines with
enhanced range of operating conditions.
In wind-turbine modeling, first-principle based scientific com-
putations [13, 15, 14, 8, 10, 11, 9] have gained popularity
over the last two decades. Reynolds-averaged Navier-Stokes
(RANS) [8, 1, 11, 4] and Large Eddy Simulation (LES) [12, 16]
are the two turbulence modeling approaches commonly utilized
to model wind-turbine and wind-farms. It is well understood
that RANS models are generally incapable of predicting turbu-
lent eddy motion. This is attributed to the parameterization of
turbulent flux and energies [16].
Recently, LES has emerged as a reliable technique for modeling
wind turbine applications as it can explicitly resolve turbulent
scales greater than the critical grid length scales. However, un-
resolved turbulent scales (subgrid scales) in LES computations
require a subgrid stress (SGS) model for mathematical closure.
Based on varying assumptions, a series of subgrid models are

proposed in literature [2]. Most of these models are depen-
dent on various coefficients that are often not priorly known.
In most cases, these coefficient values are experimentally deter-
mined and are not universal known [3, 2].
An additional approach which is utilized particularly to model
wind farms is referred to as Actuator Disk Model with Rota-
tion (ADM-R). This approach makes use of the blade-element
theory to determine lift and drag forces and distributes it on
an actuator disk region as body force in either RANS or LES
calculations. ADM-R method is found to be suitable for study-
ing effects on turbulent atmospheric boundary layer mostly in
wind-farms setup [8].

 

Figure 1: Schematics of the wind turbine blade used for present
DNS case.

The existing approaches to model wind-turbine and its compo-
nents rely on experimental data either for validation or to eval-
uate turbulence model coefficients. However, to best of our
knowledge there is a scarcity of Direct Numerical Simulation
(DNS) datasets for wind turbine applications. These databases
could be used for code verification for either RANS or LES
methodology. At present, performing DNS on wind-turbine or
its components at typical operating conditions (high Reynolds
number 105−109) is practically extremely challenging on ac-
count of huge computational cost involved in generating high-
fidelity DNS datasets. However, lower Reynolds number cases
can serve as an excellent benchmark for RANS or LES verifi-
cation. Therefore, in the present work we perform a DNS sim-
ulation of a full stationary low speed turbine blade at Reynolds
number of Re=10,000. The blade is aligned with the free stream
velocity at zero angle of attack. The main goal of the present
and subsequent work will be to establish a DNS database that
can be utilized by wind-turbine modeling community for bench-
marking solvers and turbulent models.

Governing Equations, Numerical Method and Simulation
Setup

The governing equations for the present simulations are the
three-dimensional incompressible Navier-Stokes equations in
non-dimensional form:
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where, Re = U0C/ν is the Reynolds number based on max-
imum blade chord length C and uniform inflow velocity U0,
(u1,u2,u3) ≡ (u,v,w) are the velocity components scaled by
U0, p is the pressure, (x1,x2,x3)=(x,y,z) are the Cartesian co-
ordinates representing the streamwise, transverse and spanwise
directions.
The geometry of the full turbine blade is generated by a three-

 

Figure 2: Power spectra of turbulent kinetic energy at two probe
located along the spanwise direction.

dimensional lofted surface, x = L(s,θ), L : ℜ2→ℜ3, that is a
function of axial variable ’s’ and a tangential variable ’θ’. The
surface is extended in z-direction and is of the form,

L(s,θ) = (x(s,θ),y(s,θ),z(s,θ)) = (S(s,θ),ZL(s)) (3)

where the function S(s,θ) defines the (x,y) coordinates of the
cross-sections and is of the form

S(s,θ) = R(s,θ)(c(s,θ) ωp(s))+g(s) (4)

where c(s,θ) is the original unscaled cross-section curve, ωp(s)
the profile width function that defines the shape of the tip,
R(s,θ) the twist and scale matrix operator and g(s) the flex
operator that can be used to bend the blade profile along the
spanwise direction. The mathematical forms of these function
can be obtained from ref. [6].
The DNS computations are carried out by utilizing a composite
block grid approach [7], which allows maintaining block struc-
ture in the computational domain. The composite grid comprise
of three sub-grids. Two local hyperbolic curvilinear mapped
grids (Fig. 1) are used to wrap the surface of the of the turbine-
blade in order to avoid singularities in the mesh. These mapped
curvilinear grids are immersed in a large Cartesian box grid
(not shown in Fig. 1). Computations are carried out on each
grid, which are coupled together by prior computed interpola-
tion points at the boundaries of the two mapped grids. At each
iteration interpolation points are updated based on new values
on the surrounding grids nodes. These updated values on the
interpolation points are then utilized for next iteration on each
grid. The computations are carried out by a spatial fourth-order
discretization scheme using predictor-corrector time integration
method. The mathematical details of the numerical algorithm
utilized to compute fluid flow for composite grid approach can

be found in ref. [5]. In the present DNS computation, the do-
main size is appropriately chosen to mimic the real physical
setup of flow over a single isolated stationary turbine blade.
The turbine blade is placed in a rectangular box having dimen-
sion of 10C in the streamwise direction, 4C in the transverse
direction and 8C in the spanwise direction, respectively. The
blade is located at the center that is 3C units away from the inlet
plane. The wake length is taken to be 7C, which is sufficiently
far enough for convective type outflow boundary condition [5]
as utilized in the present computation. In the transverse direc-
tion, outflow boundary condition are also applied at both top
and bottom faces of the computational box. In the spanwise
direction, slip-wall conditions (normal derivative of tangential
velocity is zero) are applied at the front and back faces of the
computational domain.

Results and Discussion
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Figure 3: Instantaneous vorticity iso-surface components for
Re=10,000 (a) ωx =±1, (b) ωy =±1 and (c) ωz =±1.

DNS requires resolution of Kolmogorov scale and therefore, the
grid spacing has to be carefully selected based on posteriori esti-
mates of Reynolds number and wall normal units. In the present
computation three composite grids are utilized (Fig. 1). For the
two curvilinear hyperbolic mapped grids that wrap the entire
wind-turbine blade, it is ensured that first grid point lies under
∆y+<1 in terms of wall normal units. In addition, low aspect ra-
tio is maintained while generating the hyperbolic wrapped grid



around the turbine blade. In the overlap region, the grid vol-
ume and the aspect ratio matching is strictly followed to avoid
any spurious numerical defects that might lead to convergence
and stability issues. In the present work, the mesh size cho-
sen for the three composite grids are 696×152×48 (for whole
blade excluding tip) 80×32×48 (for reparametrized blade tip)
and 720×496×600 (the box grid). In order to confirm that the
present grid is sufficient to capture Kolmogorov scales, power
spectra of turbulent kinetic energy, K = (u′u′+ v′v′+ w′w′)/2,
is computed and plotted (Fig. 2) at two spanwise locations, z/c
= 0.5 and 1.5. The power spectra approximately follows the
Kolmogorov’s “-5/3” law, which suggests that the selected grid
resolution is enough to capture the relevant turbulent scales.
The DNS computation is initialized by a uniform inflow con-

 

Figure 4: Streamwise velocity fluctuations as a function of
scaled shedding period at each probe location.

 

Figure 5: Strouhal number variation along the blade length.

ditions. Turbulent statistics are collected after the initial wake
transients have diminished. A three-dimensional view of the
shear layer transition and evolution of the turbulent flow wake
along the blade length is presented through iso-vorticity con-
tours, Fig. 3. The iso-surface values are selected such that the
main characteristics of the wake structure could be effectively
visualized. The vorticity components ωx and ωy, clearly in-

dicate three separate flow regions in the wake. The first re-
gion (cylindrical section of the blade) is characterized by von-
Kármán shedding having dominant presence in wake region.
The second region (blade surface) is characterized by a shear
layer turbulent transition as observed for airfoil cases. In this
segment the shear layer perturbation distance from the blade
surface increases along the blade length as seen in ωx and ωy
plots of Fig. 3. Finally the third region (blade tip) is character-
ized by a long tip vortex, where shear layer remains attach and
exits out of the computational domain without getting signifi-
cantly perturbed.
Furthermore, it is observed that the flow at the blade tip is lami-
nar and transtions to turbulence towards the circular base of the
blade. To confirm this, temporal probes at z/C = 0.5, 4.5 and 5.8
were placed to record the wake velocity field. Turbulent fluctu-
ation levels were calculated by sampling the acquired velocity
data by subtracting time and phase average values. Figure 4
shows the streamwise velocity fluctuation level at three loca-
tions along the spanwise direction of the blade, plotted against
the scaled shedding period of each location. It can be observed
that along the spanwise direction the amplitude of fluctuations
are reducing and it ultimately approaches zero for the probe,
z/C = 5.8, located at the blade tip. In addition, the wake shed-
ding frequency along the blade length are also calculated. Fig-
ure 5 show the Strouhal number (st = fC/Uo) plot for various
location along the spanwise direction of the blade. It is also ob-
served that wake shedding frequency decreases monotonously
and no shedding is observed at the blade tip, which is related to
the non-perturbation of shear layer at blade tip region as seen
in Fig. 3. The decay in turbulence along the spanwise direc-
tion is attributed to varying characteristic length of the blade.
At the tip of the blade the characteristic length approach zero,
and, therefore, the local Reynolds number approaches zero and
hence, turbulence transit to laminar flow in the vicinity of the
blade tip.
The aerodynamics forces on the whole wind-turbine blade is
also reported for the case investigated. Although, while it is
desirable to evaluate lift and drag coefficients at each time step
during the simulation, in order to avoid solver efficiency issues
we computed the lift and drag data in a post-processing mode
from the data fields stored on disk at regular time intervals. The
average lift and drag coefficient are found to be CL = 0.11 and
CD = 0.76 for the case presented in this investigation.

Conclusions

Direct numerical simulation of flow past a full stationary wind-
turbine blade is carried out at Reynolds number, Re=10,000
placed at zero angle of attack. The full blade comprises of
a circular cylinder base which is attached to a spanwise vary-
ing airfoil cross-section profile (without twist). Three distinct
shedding regimes along the wind-turbine blade length are iden-
tified. This comprises of von-Kármán type shedding along the
circular cylinder base, near body shear layer breakdown along
the airfoil cross-section and a long tip vortex originates from
the tip of the blade. Flow transition from turbulent to lami-
nar flow is observed along the blade length. Turbulent fluctu-
ations and Strouhal number are also found to decreases along
the blade length. In continuation of the present case, we are
extend the work by performing simulation for varying angle of
attack cases, with an aim to generate DNS database for solvers
and turbulent models benchmarking in wind-turbine modeling
domain.
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