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1. Introduction 
 

Modern wind turbines operate under the wake of 

upstream turbines and experience lower wind magnitudes 

and higher turbulent intensity as described by Siddiqui et al. 

(2017), Alexandros and Chick (2013), Siddiqui et al. (2019). 

To develop efficient turbine models capable of withstanding 

the variations in flow; initial preliminary technical 

assessment is paramount as reported by Krogstad and 

Saetran (2012). This can not only reduce development costs 

by providing an accurate estimate of loads under different 

operating conditions but also minimize the chances of 

structural failure. The methodologies utilized in the context 

of wind turbines are either experimental or numerical as 

explored in Keerthana and Harikrishna (2017). In the 

former category Sørensen et al. (2002) tested a 5 m radius 

wind turbine inside a closed wind tunnel having a test 

section of 24 m x 36 m at National Renewable Energy 

Laboratory (NREL).  The wind tunnel test remains a 

unique test in terms of the sheer size of the model tested. 

However, due to significant uncertainties linked with the 

experimental data, the participants did not reach a definite 

conclusion on the aerodynamic loading and wake 

development. Another experiment worth mentioning here is 

the Model Experiments in Controlled Conditions  
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(MEXICO) project conducted by Snel et al. (2007) which is 

aimed at providing a stable and reliable experimental 

dataset. The experiment involved a turbine with 2.25 m 

long blades installed inside a wind tunnel with a test section 

of 9.5 m x 9.5 m. Particle Image Velocimetry (PIV) method 

was employed to map the flow field quantitatively. Thus the 

experiment provided not only the aerodynamic 

characteristics of the wind turbine but also its wake 

characteristics. One of the latest and detailed experiment 

campaign by Krogstad et al. (2015) was conducted at the 

Norwegian University of Science and Technology (NTNU). 

The experiment involved a 0.45 m radius turbine inside a 

wind tunnel with a dimension of 2.71 m x 1.81 m x 11.15 m. 

The recorded dataset is available in the form of 

aerodynamic loads on the structure, wake velocity deficit 

and turbulent kinetic energy profiles at multiple locations 

downwind of the turbine over a range of tip speed ratios (λ). 

Although experiments like these have advanced our 

understanding of the wind turbines, they have not helped 

much in applying the understanding to a full-scale turbine 

operating under realistic conditions as mentioned by Luhur 

et al. (2016). At this point, the numerical approach comes as 

an attractive alternative. The first category of these models 

consists of implicitly simulating turbine behavior using 

simplified parameterizations. Amongst the modeling 

techniques available to correctly model and predict the 

aerodynamic loads on wind turbines structure, methods 

such as Blade Element Model (BEM) as given by Yang et al. 

(2014), Actuator Disc (AD) as described by Crasto et al. 

(2012) and Actuator Line Methods (ALM) given by Stevens 

et al. (2018), Crespo et al. (1999) are deemed efficient. 

Such methods draw a rapid estimation of the aerodynamic 

loading on the structure. Analytical vortex models 

developed by Cleaver et al. (2010) are usually coupled with  
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BEM to provide an enhanced estimate of the configuration 

of wake in the downstream direction. Though, on certain 

occasions, lack of comprehensive visualization of the flow 

field and numerous assumptions adopted in the 

development of these models reduce the plausibility of the 

conclusions. Fully resolved flow simulations where the 

rotational effects of the rotors are explicitly resolved 

addresses some of the shortcomings and are gaining 

popularity thanks to the immense computational power 

available at our disposal as described in Ilhan et al. (2018). 

Many researchers have utilized the experimental results 

provided by Sørensen et al. (1998), Troldborg et al. (2007) 

to validate their existing simulation models for the 

predictions related to small wind turbines. J. Kvalvik of 

Aclona Flow used 120º rotor sector exploiting axial 

symmetry to model the turbine rotor. E. Manger also 

performed a similar numerical investigation, however, with 

the entire structure using the Sliding Mesh Technique (SMI) 

on a mesh consisting of 5.3 x 106 cells. He employed Fluent 

(2019) and used k-ω SST turbulence model to perform the 

simulations. Martinez et al. (2015) used actuator line, and 

Zhong et al. (2015) used actuator disk theory to model the 

rotor and ignored nacelle and tower from the analysis. A 

brief overview of the most notable numerical investigation 

of the NTNU turbine is presented in the Table 1. The main 

contributions of the present work is an inter-comparison of 

different modeling techniques and a quantitative evaluation 

of the impact of geometric complexity on the modeling 

accuracy. 

In the current work, high fidelity numerical simulations 

are conducted using MRF (Multiple Reference Frames), and 

SMI (Sliding Mesh Interface) techniques and the results are 

validated against the wind tunnel experimental data by 

Krogstad and Eriksen (2013). In contrast to most of the 

other participants in the blind test, the present simulations 

made minimal geometrical approximations. In other words, 

the rotating blades, nacelle and tower geometry are 

explicitly modeled using a RANS approach as described by 

Li et al. (2016) and Ozdogan et al. (2017). Before  

 

 

conducting the simulation of the full turbine, the 

aerodynamic characteristics of the NREL-S826 airfoil over 

a range of angle of attacks (α) was evaluated and compared 

to the wind tunnel experiments. The turbine blade consists 

of the cross-section represented by S826 airfoil. The 

accuracy of both the simulation techniques (MRF and SMI) 

is established against the measurements. After that, turbines 

aerodynamic performance ( ) and the wake deficit (1- 

 is assessed over a range of operating conditions 

(λ of 3, 6, 9). 

 

 

2. Governing equations 
 

To model the flow around the wind turbine, MRF and 

SMI numerical modeling techniques are selected. A brief 

description along with the governing equations are provided 

in the following subsection. 

 

2.1 Multiple reference frames (MRF) 
 

In this approach, the turbine rotor is made to remain 

stationary, while source/sink terms (centripetal and 

centrifugal forces) are added to the systems of governing 

equations which yields the desired rotational effects. The 

domain is divided into rotational and stationary zones as 

described by Jasak (2009). The following momentum and 

mass conservation equations correspond to the stationary 

zone: 

 

 
 represents the absolute velocity as observed from 

the outside stationary zone. Whereas, inside the rotating 

region, the equations are written in the form of relative 

velocity  in the following manner 

 

Table 1 NTNU Blind test: An overview of the geometrical complexity, aerodynamic models, techniques for handling 

rotational rotor and turbulence model employed in previous and present study of the wind tunnel test performed at 

NTNU. Previous studies are reported in Krogstad and Eriksen (2013), Sanderse et al. (2013), Sørensen et al. (2013) 
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Lund X    X   X X  

Manger X X X   X  X X  

Hansen X     X X  X  

Sørensen  X   X X     X 

Melheim X    X    X  

Kalvig X  X  X    X  

Present X X X   X X X X  
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In the equation above ,  and  represent the 

pressure, kinematic viscosity and turbulent viscosity. The 

 stands for the angular velocity of the rotating zone. MRF 

solves for the steady state; hence the temporal terms are not 

accounted for in the governing equations. 

 

2.2 Sliding mesh interface (SMI) 
 
The SMI approach takes into account the dynamic 

unsteady behavior of the turbine by utilizing the blade and 

hence the mesh rotation. The mesh region encompassing the 

rotor physically rotate with every new time step. This 

method is proven to be computationally expensive by 

Sanderse et al. (2013) but more accurate than other methods. 

SMI approach requires the following system of equations to 

be solved. Here  is the fluid velocity and  is the grid 

velocity (which is zero for the static part of grid) 

 

 
 

 
3. Approach and methods 

   
3.1 Development of CAD model 
 
A CAD model of the turbine is constructed with precise 

dimensions as per the guidelines provided in the wind 

tunnel experimental test conducted by Krogstad and Eriksen 

(2013). The blade’s construction is highly stiff with 14% 

thick S826 airfoil, which was initially developed in NREL 

by Somers (2005). To endure high structural loading  

 

 

cylindrical cross section is employed at the root of the 

blades. The test turbine has three blades and a diameter of D 

= 0.944 m which rotates in a counterclockwise direction. 

For the ease of mesh generation, the model is formed with 

smoothened sprockets at the connection of blades and the 

nacelle to avoid sharp edges which would otherwise require 

exceptionally higher mesh elements for the resolution at the 

discretization stage. It is believed that the slight 

modification would not alter the overall accuracy of the 

solution, significantly reduce the number of mesh points 

thereby reducing the computational costs. However, no 

similar modification is employed near the tip corner regions 

since it is suspected to be a highly sensitive area 

aerodynamically. The schematic of the CAD model is 

presented in Fig. 1(b). 
 

3.2 Domain and mesh 
 
The computational mesh for the two-dimensional S826 

airfoil is developed using three sets of mesh grading 

( ) parameters to achieve mesh independence. 

The mesh grading of  with 82 560 cells is found to 

reach the mesh independent state and thus selected for 

subsequent numerical investigations in two-dimensions. 

The domain of the present simulation setup (20c x 8c, 

where c is the airfoil chord length) is selected based on our 

previously conducted domain independence studies by 

Nordanger et al. (2015). For meshing the complete three-

dimensional model, a hybrid meshing strategy is utilized. It 

consists of highly concentrated tetrahedral cells near the 

turbine surface to capture sharp gradients, whereas, the 

computational mesh steadily transitions to bigger cells in 

the direction of wind tunnel walls. To successfully resolve 

the small, turbulent structures inside the wake, a region of 

an extremely refined computational block which extends 

between x/R = 1.5 to x/R = 7 (R represents the turbine 

radius) is formed. The present meshing strategy is assumed 

to help in the validation of the aerodynamic loads on the  

 
 

(a) (b) 

Fig. 1 Domain and computational mesh for simulation of flow around the (a) S826 airfoil - three different computational 

meshes ( =57800, = 82560, =135540) and boundary conditions for the 2D simulations (b) full 3D rotating 

turbine with nacelle and support structure (4×106 cells) 
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structure in addition to providing an accurate estimate of the 

wake pattern in the downstream direction. The  

(  describes the friction velocity at the nearest wall,  is 

the distance to the most adjacent wall, and  represents the 

kinematic viscosity) is maintained in the log-law region, 

and varied such that it remains between  

so that the wall functions calculate the correct values of the 

field variables for the neighboring cells adjacent to the wall. 

The overall mesh size of the computational domain consists 

of nearly 4×106 cells. To develop separate rotational and 

non-rotational regions, a zonal approach is employed.  

 

 

 

 

The stationary zone ( ) represents the 

wind tunnel and include the turbine nacelle and tower. 

Whereas, the rotor is located inside the rotating area. A 

complete schematic diagram of the computational domain is 

presented in Fig. 2. 

 

3.3 Boundary conditions 
 
The boundary conditions are applied in such a way that 

they exactly portray the actual wind tunnel conditions. At 

the inlet, a fixed inlet free stream velocity condition is 

applied, and the λ of the turbine is modified by changing the  

 

Fig. 2 NTNU Blind Test: Overview of the computational domain and imposed boundary conditions which correspond to 

the wind tunnel experiments conducted by Krogstad and Eriksen (2013) 

 
 

(a) Drag coefficient (b) Lift coefficient 

Fig. 3 NREL-S826 airfoil (2D aerodynamics): Our numerically computed (Num) (a) drag and (b) lift coefficients over the 

range of angles of attack (α) for Re = . The experimental (Exp) and Blade Element Model (BEM) data are 

provided by Krogstad and Eriksen (2013) 
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angular speed of the rotor, whereas outflow boundary 

condition is prescribed at the outlet. To match the inner and 

outer regions of computational mesh, an interface is 

developed to match the correct transfer of fluxes across the 

two regions. No-slip wall condition is applied to the domain 

walls and the turbine structure as described in Wilcox 

(1994). Fig. 2 presents the boundary conditions used in the 

current work. 

 
3.4 Solver settings 
 
The simulations are conducted at the standard conditions 

as defined in the experimental campaign of the study 

by Krogstad and Eriksen (2013). The reference flow 

velocity  remains at 10 m/s in all the simulations 

and the rotational speed  is varied to achieve the desired 

 of 3, 6, 10. The flow is assumed to be incompressible 

with fixed fluid density  kg/m  and the 

dynamic viscosity  kg/m.s, Turbulent 

kinetic energy ( ) and rate of dissipation ( ) are varied 

until the desired representation of turbulent intensity at the 

turbine location is achieved . The solver is built in 

OpenFOAM-4.0 (OF) which is based on a finite volume 

discretization strategy, which utilizes the divergence 

theorem to integrate the equations over the control volume. 

This way the volume integral of the divergence of field 

variables turns into the surface integrals over faces of the 

control volume. For the solution of discretized equations, 

Geometric Agglomerated Algebraic Multigrid (GAMG) 

solver is used. For the transient simulations, a first order 

implicit scheme is employed for handling the time-

dependent term. The convection term of the Navier-Stokes 

is discretized using the bounded Gauss upwind. For the 

solution of the diffusion term, Gauss linear corrector is used. 

The simulations are run until the convergence criteria is 

achieved (Residuals ). 

 

 

4. Results and discussion 
 

In this section, a comparison of our numerical methods 

against the experimental results is presented. The lift (   

 

 

and drag ( ) coefficients of the two-dimensional S826 

airfoil are validated first followed by the validation of the 

thrust ( ), power ( ) coefficients of the full-scale turbine. 

Velocity deficit in the wakes on the lee side of the turbine is 

also compared against the experimental data. To put the 

current work from a broader perspective, the simulation 

results are also compared against the previously conducted 

simulations of the same case albeit with some 

approximations by other researchers as available 

in Krogstad and Eriksen (2013). 

 

4.1 Two-dimensional NREL-S826 airfoil aerodynamic 
characteristics 

 
Two-dimensional analysis of the S826 airfoil at several 

 extending over attached, mildly separated and stall flow 

regimes is conducted. The aerodynamic coefficients are 

compared at Reynolds number of the Retip = 105 against the 

experimental data of Fig. 3 presents the lift and drag 

coefficients as a function of the angle of attack. The 

simulations conducted with  SST exhibit good 

performance in the attached to the mildly separated regimes. 

The trend is captured correctly with slight under-prediction 

of the coefficients. However, the onset of the stall is 

captured correctly. To determine the qualitative prediction 

of the flow structure at various α Fig. 4 is plotted. The 

transition of the flow is exhibited clearly, and the 

development of flow reversal point is visible in the attached 

flow region to the transition and stall region. Due to three-

dimensional characteristics of the flow in the stall region, 

BEM is not able to capture the coefficients correctly as the 

underlying assumption of BEM is based on strictly two-

dimensional flow, while the accuracy of our simulations is 

slightly better. The earlier separation over the suction 

surface is also noticed near the trailing edge of the airfoil at 

= 12°. It is associated with the underlying construction of 

S826 airfoil, which has been designed to increase the lift 

coefficient at standard operating conditions by increasing 

the amount of separation over the suction surface. 

 

4.2 Validation and comparison of SMI and MRF 
 
For making a comparison of the accuracy and  

   
(a) α = 0º (b) α = 0º (c) α = 0º 

 

Fig. 4 NREL S826 airfoil (2D aerodynamics): Comparison of flow pattern (velocity contour with super imposed 

streamlines) over the studied range of angles of attack (α). The plots displays (a) attached flow, (b) mildly separated flow, 

and (c) severely non-attached flow (stall) 
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computational efficiency of the SMI and MRF techniques, 

the experimental case corresponding to λ = 3 is chosen. 

Since the MRF approach models the time-averaged effects 

of the flow behavior it is supposed to be faster. This is 

evident from the fact that an MRF simulation on a 48 core 

desktop computer with 2.6 GHz Intel(R) Xeon(R) 

processors took only  hours to achieve convergence 

(Residuals ). The SMI approach models the 

dynamic behavior of the flow and hence was run for a time 

corresponding to three rotations so that the time-averaged 

results were statistically meaningful and comparable to the 

MRF simulation. As expected the SMI simulation was 

computationally much more demanding taking 

approximately four weeks on 512 cores with 2.6 GHz 

Intel(R) Xeon(R) E5-2670 processor on the high-

performance supercomputer Vilje. 

 

 

 

After the comparison of the associated computational 

time where MRF technique has a clear edge, the focus is 

shifted to comparing the simulation results against the 

experimental data. To this end, profiles of the pressure 

coefficient for  = 0° along the surface of the airfoil and 

profiles of velocity deficits at different locations and axis 

are compared in Figs. 5(a) and 5(b) respectively. It is clear 

from Fig. 5(a) that the simulated profiles on both the upper 

and lower surface of the airfoil are in good agreement with 

the experiment. For what concerns velocity deficit, Fig. 5(b)  

compares horizontal profile ( ) at a location  

and , on the lee side of the turbine. It can be 

observed that both the MRF and SMI simulations 

successfully capture the asymmetry in the profile along with 

the prediction of a sharp peak. It should be noted that the 

asymmetry in the profile stems from the rotational effects of 

the turbine. This is discussed later in this section. 

 
 

(a) NREL-S826 airfoil (2D aerodynamics): (  (b) NTNU Blind Test: Velocity deficit at x/R = 2 

Fig. 5 (a) Validation of the pressure coefficient (  with experimental values for the 2D S826 airfoil cross section. (b) 

Comparison of the wake velocity deficit (for the case Re = ) at the horizontal line located x/R = 2 downstream of 

the turbine obtained in the present study (multiple reference frames (MRF) and sliding mesh interface (SMI)) with those 

obtained by numerical simulations and experimental wind tunnel tests reported by Krogstad and Eriksen (2013) 

  

(a) SMI (b) MRF 

Fig. 6 NTNU Blind Test: Comparisons of flow patterns obtained by using the sliding mesh interface (SMI) and multiple 

reference frames (MRF) techniques for handling the rotation of the turbine rotor. The MRF has shown to provide a good 

assessment of the large features of the flow field, whereas the SMI also captures well the small features present in the 

flow field 

410



 

Validation of the numerical simulations of flow around a scaled-down turbine using experimental data from wind tunnel 

 

 

 
 
From the figure, it can be observed that our SMI 

simulation is closest to the experimental results both close 

to the axis of the turbine and away from it. It should be 

noted that Manger’s simulation setup is closest to ours, but 

still, it failed to predict the three observed peaks and instead 

predicts a flatter profile. It appears that the mesh resolution 

used by Manger was not sufficient to resolve the localized 

flow features. Sørensen’s simulation with the ALM 

approach produced a good match with the experimental 

results; however, it was observed to be very inaccurate 

closer to the axis of the turbine ( ). The 

reason for this can be attributed to the geometrical 

approximation (ignorance of nacelle and support structure) 

used in the simulations. Finally, when we compare the 

prediction of our MRF simulation with that of Hansen’s we 

once again realize the importance of accurately representing 

the nacelle and using sufficient mesh resolution for 

resolving the local flow features. The flow around a rotating 

turbine is dominated by vortex shedding, wake instabilities,  

 

 

 

 

and flow unsteadiness and hence SMI approach, which can 

capture the dynamics is expected to be more accurate than 

the MRF technique, and this is evident from the Fig. 5(b). 

The Fig. 6 compares the flow structures in the wakes 

captured by SMI and MRF techniques and confirms our 

opinion as mentioned earlier regarding the SMI technique. 

However, due to the computationally expensive nature of 

the SMI simulations, it was not feasible to use this 

technique for conducting sensitivity tests, the kind of which 

is presented in the following section. Instead, we used a 

slightly inaccurate but computationally efficient MRF 

technique. 

 

4.3 Power ( ) and thrust ( ) coefficients 

 

Fig. 7 llustrates a comparison of the numerically 

computed power coefficient ( ) and thrust  

 

  

(a)  (b)  

Fig. 7 NTNU Blind Test: (a) The power coefficient (  and (b) the thrust coefficient (  obtained at three different tip 

speed ratios λ = 3,6,10 at Re = . The present numerical results (obtained using multiple reference frames (MRF)) 

are compared with the experimental wind tunnel test (Exp) and Blade Element Model (BEM) data provided by Krogstad 

and Eriksen (2013) 

  

(a) λ = 3 (b) λ = 6 

  

(c) λ = 10 (d) Legend 

Fig. 8 NTNU Blind Test: Velocity contours on a plane located in the upper region from the turbine center. Turbine 

blockage causes flow acceleration between the rotor edge and the wind tunnel walls. At higher tip speed ratios (λ) notice 

that the rotor operates as a propeller, i.e., by feeding energy into the flow (see figure (c) where a region of high velocities 

is visible near the root of the blade) 
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coefficient ( ) of the turbine for three 

different TSRs. In the expression of power and thrust 

coefficients, , , ,  and  stand for the 

reference area of the rotor, the reference velocity, the fluid 

density, the combined thrust and pressure forces on the 

turbine respectively. As can be seen in the figure, the 

highest  is predicted at the design  of 6 and this is 

also in agreement with the experimental observation. 

Smaller values from BEM in comparison to the CFD is due 

to the significantly smaller prediction of forces by this 

method and is also mentioned in the literature by Ronsten 

(1992). 

 

4.3.1 Flow blockage effect 
Objects like wind turbines kept inside a wind tunnel 

reduce the effective cross-sectional area of the flow and 

hence results in flow acceleration in some regions of the 

domain to satisfy the mass conservation. The regions 

experiencing flow acceleration in the current context is 

shown in Fig. 8. It is interesting to notice that the blockage 

effect intensifies with increasing TSR. This can be 

attributed to the fact that the rotational motion of the blade  

 

 

 

converts the translational velocity of the flow (in the X 

direction) into rotation velocity and to conserve the 

momentum in the X-direction the flow has to accelerate 

more in regions closer to the wall. In extreme conditions 

(very high value of ), the turbine’s rotor acts as a solid 

wall to the incoming flow resulting in high thrust force. 

This is reflected in the increase of thrust coefficient with  

as reported in Fig. 7. 

 

4.4 Validation of wake profiles 
 

The numerically computed wake deficit (  = 1 - 

) profiles over horizontal (  to 

)  and ver t ical  (  to ) 

diagonals located at two distinct locations ( ) 

downstream direction of the turbine are compared against 

the experimental as well as the simulation results from the 

other researchers. From the Figs. 11 and 12 it is clear that 

our MRF simulations outperform the other modelling 

approaches in terms of accuracy. This is expected since in 

addition to the explicit representation of the turbine blades 

we also modelled the nacelle and other support structures as  

  

(a) Tip speed ratio λ = 6 (b) Tip speed ratio λ = 10 

 

Fig. 9 NTNU Blind Test: Wake velocity structure characterization using multiple reference frame (MRF) on a YZ-plane 

located at X/R = 6 distance downstream the turbine rotor for tip speed ratios of (a) λ = 6 and (b) λ = 10. The wake is found 

to be slightly asymmetric across the XZ-plane through the centre of the rotor (units of velocity: m/s) 

  
(a) Tip speed ratio λ = 6 (b) Tip speed ratio λ = 10 

 

Fig. 10 NTNU Blind Test: Wake velocity structure characterization using multiple reference frame (MRF) at tip speed 

ratios of (a) λ = 6 and (b) λ = 10 on a XY-plane passing through the rotor centreline (units of velocity: m/s) 
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accurately as possible. Moreover, the resolution used for 

our simulations is much finer compared to other studies. In 

the next section, we discuss the wake profiles for two 

distinct TSRs (  and ). 

 

4.4.1 Wake profiles at  

Profiles of wake deficit are presented along vertical and 

horizontal lines located at two distinct locations 

( ) for  are shown in Fig. 11. The 

observed asymmetry (Figs 9 and 10) in the horizontal 

profiles can be attributed to the rotational effects of the 

turbine blade and that in the vertical profiles can be 

attributed to a combined effect of blade rotation and the 

wake formation due to the support structure. At , 

three distinct peaks in the profile were reported in the 

experiment, and our MRF simulation seems to capture them 

fairly well; however, the exact magnitudes for the second 

peak is somewhat underpredicted. As one moves further 

downstream ( ), our MRF simulations start 

predicting relatively more symmetric profiles. When our 

results are compared against the results of others, we notice 

the added value of the explicit representation of nacelle and 

support structures in the simulation. All the simulations  

 

 

predict the peaks on the extremities accurately; however, 

they differ a lot closer to the axis of the turbine. While the 

reason for underprediction in the case of Sørensen and 

Hansen can be attributed to the neglection of nacelle and 

support structure in the simulations, Manger’s simulation 

suffers from relatively coarser mesh resolution required to 

capture the wake physics. The coarse resolution results in 

numerical dissipation and is exactly this reason that his 

wake profiles flatten very quickly while moving away from 

the turbine. 

 

4.4.2 Wake profiles at  

A good comparison between the numerical and 

experimental results at a higher  is observed. Due to the 

faster rotation, the turbine starts behaving as a propeller, 

feeding energy into the wakes, which is apparent from the 

wake profiles of Fig. 12. This quantitative behavior is also 

illustrated in the qualitative plots of the velocity contours in 

Fig. 8 where high velocity (red region) is detected 

representing a sharp flow acceleration until . It 

creates an area of high velocity; therefore values closer to 

the reference velocity is observed in the central region of 

the turbine blade. Whereas, the tip has nearly obstructed the 

flow and very high-velocity deficit has been observed near  

  
(a) x/R = 2 (b) x/R = 2 

  
(c) x/R = 6 (d) x/R = 6 

Fig. 11 NTNU Blind Test: Comparison of the velocity deficit predicted by multiple reference frame (MRF) simulations 

against the experiments and the similar numerical simulation data reported by  Krogstad and Eriksen (2013) extracted on 

the axis of rotation. The high fidelity MRF simulations are conducted at tip speed ratio of λ = 6 and at Re =  
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the outer periphery of the rotor which aid to the tunnel 

blockage. At the next station of , it is noticed the 

sharp gradients present in the wake are reduced by the 

spanwise diffusion which makes the flow field to become 

more homogeneous. The peaks of the blockage around the 

corners of the blades have decreased by approximately a 

factor of 1.5. Still, the numerical predictions match 

considerably well with the wake measurements both in the 

vertical and horizontal directions. Manger predictions 

match well with MRF at the inner part of the blade at this , 

whereas Hansens wake profiles have shown considerable 

overprediction at the inner section and have shown a higher 

increase in the velocity. 

 

 
5. Conclusions 

 
In this work, the aerodynamic behavior of the S826 

airfoil designed by the National Renewable Energy 

Laboratory (NREL) was first analyzed using two-

dimensional numerical simulations using  Shear 

Stress Turbulence (SST) Model. Then a three-dimensional 

model of the turbine including tower and turbine blade 

(made by circular cross sections close to the nacelle and  

 

 

S826 cross sections elsewhere) was investigated using 

Sliding Mesh Interface (SMI) and Multiple Reference 

Frame (MRF) techniques for handling the rotating turbine. 

The two techniques were validated against wind tunnel 

experimental data. Both the techniques were found capable 

of accurately predicting the aerodynamic and wake 

characteristics of the wind turbine under consideration. 

Because the SMI technique was computationally 

demanding, the sensitivity of the turbine’s behavior to 

various tip speed ratio  was evaluated using 

MRF only. Most important findings of the work are 

summarized below: 

•  SST turbulence model appears to be a 

good turbulence model for modeling flow around a 2D 

airfoil like S826 in attached to mildly separated flow 

regimes. The onset of the stall is captured correctly. 

• SMI and MRF both captures the aerodynamic and 

wake characteristics of the turbine under consideration for 

 as observed in the wind tunnel experiment. SMI 

simulation is ten times more computationally expensive 

than MRF simulation to produce comparable statistics. The 

SMI simulations, however, captures the dynamic behaviour 

as well as the small-scale features of the wake dynamics 

more accurate than MRF. To our best knowledge our SMI 

  
(a) x/R = 2 (b) x/R = 2 

  
(c) x/R = 6 (d) x/R = 6 

Fig. 12 NTNU Blind Test: Comparison of the velocity deficit predicted by multiple reference frame (MRF) simulations 

against the experiments and the similar numerical simulation data reported by Krogstad and Eriksen (2013) extracted on 

the axis of rotation. The high fidelity MRF simulations are conducted at tip speed ratio of λ = 10 and at Re =  
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Validation of the numerical simulations of flow around a scaled-down turbine using experimental data from wind tunnel 

simulations are the most accurate numerical investigation of 

the wind tunnel tests carried out over a model wind turbine 

(known as NTNU Blind Test) at the Norwegian University 

of Sciences and Technology. 

• In the study conducted to evaluate the turbine 

performance over different tip speed ratios , MRF 

demonstrates the capability of providing fairly correct 

estimates of the power/thrust coefficient and wake profile 

patterns in comparison to the wind tunnel experimental and 

BEM data. The qualitative plots suggest that the turbine was 

operating in a stalled mode at  with low power and 

thrust coefficients making larger angle of attack ( ) with 

the oncoming wind. At the design conditions with , 

highest power coefficient was observed with turbine 

making optimum angle of attack ( ) with the wind. 

Whereas, at  the highest thrust coefficient was 

predicted with the blade making an angle of attack ( ) in-

line with the plane of the rotation of the blade. 

• A comparison of our detailed simulation results 

with that of other previous works highlights the importance 

of including nacelle and support structures in simulation. 

The difference was most visible near the hub height and 

diminishes away from it. For this reason, it can be 

speculated that the other simplified studies presented in the 

previous works might be sufficient for power predictions. 

However, for evaluating structural integrity of a wind 

turbine as well as wake flow characteristics such 

simplifications might induce noticeable errors. 

With this study, it has been successfully demonstrated 

the three dimensional MRF and SMI for handling rotation 

of the turbine are capable of prediction of the wind turbine 

aerodynamic loading. It is believed that this information at 

the model scale is crucial and will provide confidence to 

conduct simulations of megawatt-sized wind turbines, 

which are currently lacking a wind tunnel experimentation 

facility. Furthermore, we believe that the present 

methodology may serve as high-fidelity simulation tool for 

doing reduced order modelling of wind turbines, see e.g., 

initial effort by the authors in  and . The additional feature 

of flow visualization associated with the numerical 

approaches makes them optimal for shaping up the future of 

wind energy research. 
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