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Abstract

Simulations of the National Renewable Energy Laboratory (NREL) SMW wind turbine under quasi-static Multiple Reference
Frame (MRF) and dynamic Sliding Mesh Interface (SMI) methodologies are presented. Two reference zone approach is consid-
ered, inertial and moving reference frame. The former contains nacelle and tower, while the later constitutes of the rotor assembly.
Predictive capabilities of both simulation techniques are exploited, and verification is performed against the Blade Element Mo-
mentum (BEM), and Large Eddy Simulation (LES) results in literature [1], [2]. The simulations are parametrized at variable
tip-speed ratios (6, 6.5, 7, 7.5, 8, 8.5,9) and a uniform incoming velocity of 9m/s using unsteady Reynolds-Averaged Navier-
Stokes (RANS). The MRF simulation techniques accuracy and robustness are exploited, hereafter key features at various operating
conditions inside flow field are identified up to three radii (3R) distance. Aerodynamic torque in the dynamic SMI simulations is
observed to oscillate and vary between 2,550 kN m and 2,650 kN m over a revolution. The wake evolution adjacent to the turbine
is found to characterized by three massive vortices along with a central vortex which determined the dynamics of the wake. The
three blade vortices interact with the central vortex and get dissipated at the 3R distance from the turbine. Immediately behind
the tower, increased turbulent intensity levels are reported which gradually reduce after ~1.5R distance both in the vertical and
horizontal direction.
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1. Introduction

Among different sources of renewable energy, the wind is considered a viable source for generating clean elec-
tricity [3]. Significant higher outputs and lower cost of energy from the wind makes it a rapidly growing renewable
energy resource around the world. Now, wind energy community wants to exploit the opportunity to gain maximum
yields from regions having a higher potential of wind energy [4]. Hence larger rotors are being developed, which can
extract higher energy from the wind. However, increasing sizes of the wind machines impart significant challenge
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concerning aerodynamic and structural aspects of blades [5]. Hence, good verifications methods are desired which
can accurately predict the performance of such large wind turbines before they have been installed.

Various methods are presently available for the prediction ranging from simple analytical models to highly complex
and time intensive experimental techniques. However, both approaches offer certain limitations i.e. restrictions regard-
ing wind tunnel sizes to simple approximations implied in calculations of Blade Element Momentum (BEM) analysis.
Recently, Computational Fluid Dynamics (CFD) have emerged a viable technique to resolve flow field around wind
turbines [6]. There are many numerical methods available to determine flow field using CFD, the most used at indus-
trial scale is Reynolds-averaged Navier-Stokes (RANS), which are a time-averaged solution and require turbulence
models for the closure of governing equations [7], [8]. A more computationally expensive and accurate technique are
the Large Eddy Simulation(LES), which explicitly resolve large-scale motion and model the small scales. Whereas,
the most accurate but highly computational intensive is the Direct Numerical Simulation (DNS) [9], which resolve the
complete spectrum of the flow field. However, even the modern supercomputers are not able to simulate this behavior
for practical engineering related problems.

To perform high-fidelity simulation on NREL SMW wind turbine in the present study RANS based methodology
is employed. The flow field is simulated using Sliding Mesh Interface (SMI) and Multiple Reference Frame (MRF)
techniques. Similar investigations are performed in past by Jonkhman et al. [2] Bazilevs er al. [1], [10], [11] and
Sgrensen et al. [12], [13], [14] to simulate the mega—watt size wind turbines. The present results are compared to
the investigations of Jonkman et al. and Bazilevs et al. The goal of the study is to identify the predictive capabilities
of both simulation methodologies; here after a parametric analysis is conducted at various operating conditions to
analyze the wake evolution and aerodynamic characteristics. The results are presented in terms of aerodynamic torque
obtained from the transient and steady state simulations. Distribution of wake evolution downstream is comprehended
by plotting the contours of velocity magnitude at various stations. The behavior of turbulent fluctuations is explored
by analyzing the wake structure downstream of full-machine in the vertical and horizontal directions.

2. Approach and methods

2.1. CAD model

The SMW NREL turbine consists of three 63m long blades defined in terms of Delft University (DU) and Na-
tional Advisory Committee for Aeronautics (NACA) cross-sectional profiles (DU21, DU25, DU30, DU35, DU40
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Fig. 1: NREL SMW: Computational setup and boundary conditions of full problem domain. The extent of the domain is 4.75R X 1.5R x 3.2R. Two
zone approach is used with stationary and moving regions.
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and NACAG64) and twist angles at different locations away from the hub [15], [16]. The slight twist angle along the
blade length helps in accommodating the variations in relative wind velocity from root to tip. The CAD model of full
machine is shown in Figure 1.

2.2. Mesh

The mesh is generated in a way to allow hexahedral elements close to the turbine surface, and tetrahedral elements
away from it. With highly dense mesh in the boundary layer, the non-dimensional wall distance to the first layers
of nodes was kept up to the average y* = 30 [17]. This way a reduction in the computational cost is achieved with
standard wall functions employed to model the characteristics of viscous sub-region and the buffer region. The mesh
consists of approximately 10x10° cells and is shown in Figure 2.

2.3. Boundary conditions

In this study, CFD code OpenFOAM is employed which use certain acronyms for different boundary conditions.
The inflow condition is specified in OpenFOAM as Velocity inlet, i.e. in our case the mean velocity was set to
(utx, uy, u;) = (9,0,0) m/s. The boundary condition at the downwind end of the computational fluid domain is specified
as Outflow, i.e. zero pressure (p = 0). The upper, lower and side domain boundaries are specified as Free-slip, i.e. the
velocity remains the same as of flow velocities beside the turbine. The two-zone approach is adopted; hence the rotor
zone constitutes of turbine blades and hub which rotates during the transient simulations. Whereas, the stationary
zone contains the turbine nacelle and the tower. The two zones are connected with the use of Arbitary Mesh Interface
boundary condition [18].

2.4. Governing Equations

The governing Navier-Stokes equations are considered incompressible throughout the domain since the Mach
number is always inside the limit of 0.3 in all simulations. The governing equations are solved in an inertial reference
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Fig. 2: NREL 5SMW: Computational mesh consisting of hexahedral cells in the wake block and tetrahedral cells in the rest of domain. Prism
extrusion is employed to allow finer mesh grading near the turbine surface. Mesh consist of 10x10° elements.
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Fig. 3: NREL 5SMW: Time history of Aerodynamic torque. The dynamic evolution of torque over three rotation is plotted for SMI. Where as steady
state torque values are plotted for different tip speed ratios using MRF.

frame with absolute velocity for the stationary zone of MRF constituting of turbine tower and nacelle. The following
mass and momentum equations are solved:

Vou, =0 (D)
V-(Ua®uy) =-Vp+V-(v+v)V(u, + (Vuy)h) )

where u, is the absolute velocity as seen from a stationary reference frame.

To account for the affects of rotation inside the rotating zone, source terms are added in terms of Coriolis and
centrifugal forces. The equations are written in terms of the relative flow velocity u,, which is a resultant vector arises
from the velocity triangle of incoming and the induced velocity from the turbine blade.

V-u. =0 3)
V-(u®u,) +2Q Xug + A X (A Xr) = —Vp+V-(v+v,)V(ur+(Vur)T) 4)
U, =u,+QXr (®)]

where Q is the rotational speed of the reference frame with respect to a stationary observer (here it will also be equal

to the rotational speed of the turbine), p is pressure, v is the kinematic viscosity and v; is the turbulent kinetic viscosity.
In the SMI approach, the turbine rotates physically at each time step; hence it is no longer necessary to model the

effects of rotation. The governing equations are solved now only in inertial reference frame and are as follows

V-ou, =0 ©
6(;1; + V(U ®uy) = =Vp + V- (v +v)V(u, + (Vuy)") 2

2.5. Solver settings

Second order accurate Finite Volume Method (FVM) spatial discretization is employed together with (explicit)
Forward Euler time integration. The Reynolds number given by the relative flow velocity and the chord length at
75% blade location is calculated to be around 12 x 10° at the design tip speed ratio of 7.5. To model the effects of
turbulence, kK — w SST model is chosen. For the base case used in [15], [2], reference fluid density p = 1.225kg/m?,
dynamic viscosity 4 = 1.82 X 1073kg/m.s and incoming wind velocity U,, = 9m/s and turbine rotational speed



464 M. Salman Siddiqui et al. / Energy Procedia 137 (2017) 460—-467

0.4
0.2 |-

-0.2
-0.4
-0.6
-0.8

z/IR
y/R

1.2
14 b

TSR=6 TSR=75 —— TSR=9 ———— | [ TSR=6 TSR=75 TSR=9 ————
TSR=6.5 TSR=8 TSR=6.5 TSR=8 -~~~
1y A TSR=8.5 ~---- s Iy A— TSR=85 -----

(c) Vertical (d) Horizontal

Fig. 4: NREL SMW: Turbulent fluctuations downstream of turbine for different tip-speed-ratio and at different locations (0.15R, 0.30R, 0.45R,
0.60R, 0.90R, 1.30R from the hub). Note*: Successive profiles has been offset for better clarity

Q = 10.313rpm is used. Several more simulations are conducted with the same inlet velocity seven different tip speed
ratios (TSR=6,6.5,7,7.5,8,8.5,9). A self-adjusting time step based on a maximum Courant number of 1 is used to
keep the numerical accuracy of SMI simulations in range. The solver is created in OpenFOAM-2.3.0 (OF). To ensure
continuity, OF uses an elliptic equation for the modified pressure which involves combining the continuity equation
with the divergence of momentum equation. This elliptic equation along with the momentum equation and turbulence
equation are solved in a segregated manner using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
algorithm. The OF uses a finite volume discretization technique; wherein all the equations are integrated over control
volumes (CV) using Green-Gauss divergence theorem. The Gauss divergence theorem converts the volume integral of
the divergence of a variable into a surface integral of the variable over faces comprising the CV. Thus, the divergence
term defining the convection terms can simply be computed using the face values of variables in the CV. The face
values of variables are obtained from their neighboring cell centered values by using convective scheme. In this work,
all the equations (except k and turbulence equations) use second order linear discretization scheme, while the turbulent
equations use upwind convection schemes. Similarly, the diffusion term involving Laplacian operator (the divergence
of the gradient) is simplified to compute the gradient of the variable at the face. The gradient term can be split into
a contribution from the orthogonal and the non-orthogonal parts, and both these contributions are accounted for [19].
The SMI simulation at the TSR=7.55 is performed on 256 cores of a 2.6GHz Intel(R) Xeon(R) CPU machine on
Vilje, the high-performance computational facility at Norwegian University of science and technology. They required
almost one week to simulate one turbine rotation. However, the MRF simulations are run with 8 cores on a 3.2 GHz
Intel(R) Xeon (R) CPU machine and converged in three days at a particular tip-speed.

3. Simulation results

This section outline results of computations performed on the NREL5 MW baseline wind turbine with two method-
ologies. The MRF methodology employed on 120° rotor sector with cyclic boundary conditions were published in the
literature before [19]. Herein we, perform the simulations on the full machine including the rotor (blades and hub),
nacelle, and tower.
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3.1. Torque characteristics

The Figure 3(a) contains the time history of the aerodynamic torque corresponding to full-machine and the rotor
only simulations. The SMI torque history has shown highly irregular initial instabilities in the flow field which decayed
after approximately two revolutions. Hereafter, the aerodynamic torque history started to settle towards the constant
values. Oscillation around the mean values appeared due to the moving separation of flow from the blades during
the rotation. This cause the aerodynamic coefficients to fluctuate about the mean value which ultimately causes the
aerodynamic torque to vary intermittently. Hence, torque values are observed to oscillate around 2,550 kN m and
2,650 kN m over one rotation from the simulations. The values obtained are in close agreement with the 2670 kN m
and 2500 kN m values published by Jonkhman et al. [2] and Bazilevs et al. [10], [11] respectively.

Whereas the steady torque values computed from the MRF method at the design TSR=7.55 is found to be slightly
higher but in close agreement with the mean value obtained from SMI simulations. The smaller differences are mainly
attributed to the inherent differences in the modeling characteristics of the two approaches. However, the simulation
time for the MREF is significantly lower as compared to the SMI, hence a parametric analysis is conducted to evaluate
the distribution of torque at the range of tip-speeds as shown in Figure 3(b). The torque obtained depict a bell shape
curve, and the reason for low torque at lower and higher tip speeds is related to flow dynamics in the spanwise direction
of blade [19]. It is found that at lower tip speeds, a significantly larger portion of the blade is operating under stall
regime. Thus lower aerodynamic coefficients caused less contribution towards positive torque values. As the tip speed
becomes higher and approaches 7.5, the angle of attack for most of the airfoil cross sections becomes optimal which
cause maximum gains to the aerodynamic torque. Whereas with the further rise in the tip speed causes the angle to
become lower and results in a smaller output of torque.

3.2. Wake characteristics

MRF methodology is employed to predict accurate assessment of overall aerodynamic behavior, thus the variation
in wake characteristics are studied at variable operating conditions (6,6.5,7,7.5,8,8.5,9). First, the characteristics of
the wake dynamics are investigated in terms of wake evolution behind the turbine at a particular tip-speed. Then the
behavior of chaotic fluctuations behind the wind turbine is addressed over the range of operating conditions.

The contours of velocity magnitude at various stations downstream are plotted in Figure 5. It can be seen that the
wake in the downstream direction is composed of rotating eddies emanating from each blade. To understand the initial
flow field better adjacent to the rotor, streamlines of flow field are plotted across the turbine surface in the streamwise
direction. It highlights certain important characteristic of flow evolution and its decay in the downstream direction.
Most significant is the development of three large vortices corresponding to each turbine blade. Moreover, one large
vortex is also formed near the central hub of the turbine. While convecting downwards, the central vortex interacts
with the three counter-rotating vortices emanated from the blades. It causes the vortices to break down into smaller
eddies before getting dissipated by the viscosity present inside the fluid [20].

On the other hand, turbine structure causes a significant increase in the turbulent intensity level inside the flow.
Figure 4 depicts the characteristics of profiles over the range of tip-speeds at the various position downstream of
the turbine. Turbulent fluctuations enhance wake recovery and promote turbulent diffusion. Hence a significant
increase in the dissipation of vortices adjacent to the turbine is observed. The magnitude of turbulent fluctuations
is found to be higher at higher tip speed ratio as compared to the lower ones. Whereas, an intermediate behavior
of profiles at TSR 6 and 9 is observed at the design conditions of TSR=7.55. The magnitude of fluctuations is
found to decay with distance away from the tower. A drop of almost 50% in fluctuations from the first station to the
second is observed. At about 0.45R, fluctuations are found to settle down in the vertical direction. Whereas, in the
horizontal direction, the fluctuations extracted at various stations are closer to each other over the range of operating
conditions. The fluctuations are found to be asymmetric across the turbine center. It is believed to happen due to
uneven flow distribution across the rotor. The turbine wake rotates in the opposite direction to the rotor and impart
larger fluctuations on one side. Moreover, wake’s strength varies in the downstream direction and is mainly dependent
on operating turbine tip speed, therefore different peeks in the fluctuations are observed over the range of tip speed
ratios. But most of the horizontal fluctuations begin to diffuse and settles down at around 3R distance away from the
turbine. Hence the strength of vortices is lower at this station.
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Fig. 5: NREL SMW: Vorticity contours (top) and velocity magnitude (bottom) at three stations downstream of the domain (inertial reference
frame). Significant vortices emanating from the turbine blade can be observed from the trailing edge. The velocity magnitude is restricted to 10m/s
to provide better contrast.

4. Conclusion

An aerodynamics analysis of wind turbine with the quasi-static and dynamic behavior of NREL SMW reference
turbine was conducted constituting of full machine. Reynolds Average Navier Stokes (RANS) model was employed,
and comparison of aerodynamic torque was performed with the available BEM and LES simulation results in the
literature [2], [10]. Results presented have shown that Computational Fluid Dynamics (CFD) predictions match the
test data consistently well. Since large wind turbines operate in time-varying conditions, first a Sliding Mesh Interface
(SMI) analysis was conducted to analyze the turbine performance at the design tip speed ratio of 7.55. However,
Multiple Reference Frame (MRF) seems to be a valuable approach combining accuracy and efficiency regarding
aerodynamic modeling of wind machines under various operating conditions. Torque contribution was observed to
vary from 2,550 kN m to 2,650 kN m for transient analysis. Snapshots of velocity contours have predicted the
evolution of three dominant vortices emanating from each blade, which interact with the central vortex and break
down into smaller eddies before getting dissipated. Increased levels of turbulent intensity were found close to the hub
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where velocity gradients are higher as compared to the outer region which showed significantly fewer gradients. Due
to high molecular diffusion and dissipation effects, turbulent fluctuations started to settle down away from the turbine.
Therefore small values of turbulent intensity were observed approximately around 3R of the turbine.
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