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Fig.4.44 Thrust coefficient on-design and off-design,  TSR constant and � constant 

For the thrust coefficient the choice of the version is non influential in on-design as well 

as off- design condition. 
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Before analyzing the wake, we show the velocity profile at the centerline, which is 

important to understand the difference in the two code versions. 

Fig.4.45 Axial speed profiles along the centerline, TSR=6, TSR constant and � constant 

From Fig.4.45 we can note that the velocity at the wind tunnel inlet, fixed by boundary 

condition to 10 m/s, is different from the velocity used by the BEM algorithm to 

calculate the upstream velocity, for which OpenFOAM takes the velocity at � � M�$. 

This velocity is slightly higher because of the centerline velocity increase due to the 

boundary layer developing on the wind tunnel walls: the flow is incompressible so the 

velocity at the centerline must increase. From this plots we can anyway note that this 

speed difference is almost imperceptible, hence the results obtained with the two 

versions are almost the same. 

  



76 

In the next graphs we compared the profile obtained with the constant TSR version with 

those obtained with constant �. 

4.5.1 TSR 6 

Fig.4.46 Mean velocity profiles along a horizontal line X/D=3, TSR=6, TSR constant and �
constant 

Fig.4.47 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=6, TSR constant 
and � constant 
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4.5.2 TSR 3 

Fig.4.48 Mean velocity profiles along a horizontal line X/D=3, TSR=3, TSR constant and �
constant 

Fig.4.49 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=3, TSR constant 
and � constant 
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4.5.3 TSR 10 

Fig.4.50 Mean velocity profiles along a horizontal line X/D=3, TSR=10, TSR constant and �
constant 

Fig.4.51 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=10, TSR constant 
and � constant 
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In all the analyzed setups, there is a very little change in the two program versions. We 

aspect more difference for the off-design cases because they are characterized by a 

greater difference of the �� obtained with the two versions, in fact the only graph where 

we can note a slightly difference in the profiles is Fig.4.48 (TSR=3).  

4.6 Actuator Disk with BEM vs simple Actuator Disk 
In section 3.2 and 3.3 we illustrated how the simple Actuator Disk and the Actuator 

Disk with BEM work, highlighting the greater complexity of the Actuator Disk with 

BEM. Moreover, at the beginning of this section, we noted the necessity for a fine 

enough mesh which is able to keep up with the blade discretization, hence the actuator 

disk with BEM is characterized by greater computational cost. In the light of this greater 

complexity and computational cost, we expect more accurate results. In this section we 

compared the wake profiles obtained with the simple actuator disk with the actuator 

disk with BEM and the experimental data. 

As input in the simple actuator disk, we used the �� and �� evaluated with the BEM 

code (see section4.1). 

The 2 cm mesh was used for both simulations, while in the actuator disk with BEM the 

blade was divided into 30 elements.  

4.6.1 TSR 6 

Fig.4.52 Mean velocity profiles along a horizontal line X/D=1, TSR=6, by simple actuator disk, 
BEM and experimental data 

From Fig.4.52 we can note that the simple actuator disk is not able to predict the typical 

V-shape of the wake, but is characterized by an almost constant value for the all wake 
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width. This velocity profile is characteristic of the simple actuator disk for all distances 

and all for working condition. From this figure we can note that the peaks at the disk 

edge are overestimated by both the actuator disk models, but the one with BEM is 

closer to the experimental data.  

Fig.4.53 Turbulent kinetic energy profiles along a horizontal line X/D=1, TSR=6, by simple 
actuator disk, BEM and experimental data 

From Fig.4.53, describing the turbulent kinetic energy at X/D=1 at TSR=6, we note that 

the two peaks on the disk edges are equally captured by the two actuator disk models, 

and both underestimate them. The velocity profile predicted by the simple actuator disk 

presents a deep dip between the two peaks. The turbulent kinetic energy is in fact zero 

where there are no velocity gradients: inside the wake of the simple actuator disk the 

velocity (as we saw in figure Fig.4.53) is almost constant and so the turbulent kinetic 

energy is only approximately H
Z ¬ HQKj. 
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Fig.4.54 Mean velocity profiles along a horizontal line X/D=3, TSR=6, by simple actuator disk, 
BEM and experimental data 

From Fig.4.54 we note the constant shape for the simple actuator disk, different from 

X/D=1 because now the profile is completely constant, because close to the disk the 

streamlines are curved and this implies a changing in the velocity whereas far from the 

disk the streamline are parallel. Furthermore error on the peak height is bigger. The 

wake width is anyway very well captured by both models. 
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Fig.4.55 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=6, by simple 
actuator disk, BEM and experimental data 

The more constant speed profile at X/D=3 implies lower turbulent kinetic energy values 

for the simple actuator disk (H
\ ¬ HQKj in the center). The two lateral peaks are slightly 

better captured by the simple actuator disk (around +15 % the increase of the peaks 

height), it also give a more correct wake width (approximately +5 % the increase of 

width). 
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Fig.4.56 Mean velocity profiles along a horizontal line X/D=5, TSR=6, by simple actuator disk, 
BEM and experimental data 

At this distance from the disk we note that the turbulent diffusion reduced the size of the 

zone with constant velocity, characterizing the center of the wake predicted by the 

simple actuator disk profile. 
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Fig.4.57 Turbulent kinetic energy profiles along a horizontal line X/D=5, TSR=6, by simple 
actuator disk, BEM and experimental data 

At exception of the central dip the simple actuator disk predict slightly better the peaks 

height and the wake width. The central dip is due to the constant velocity profile in the 

centre of the wake, that continue to be in spite of the diffusion. 
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4.6.2 Off-design condition 
As reported in the section dedicated on the methodology, we know that the simple 

actuator disk does not use the input �� but recalculates a new �� using also the input ��. The recalculation is done using relations based on the simple momentum model 

without rotation, without Pradtl’s correction and without the correction for high axial 

induction factor. In the analysis at design conditions this relations are quite good, but at 

off-design conditions they do not fit. Hence we expect that the thrust that the simple 

actuator disk assigns to the cells inside the cylinder is incorrect, so the wake that we 

obtain is also very different from the real wake. 

4.6.2.1 TSR 3 

Fig.4.58 Mean velocity profiles along a horizontal line X/D=3, TSR=3, by simple actuator disk, 
BEM and experimental data 

The simple actuator disk produces a velocity profile which completely different from 

reality, the lateral peaks height (they exceed 0.5) and the wake width are wrong 

(approximately 3). 
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Fig.4.59 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=3, by simple 
actuator disk, BEM and experimental data 

Both the actuator disk are not able to predict the turbulent kinetic energy profile for low 

TSR. The simple actuator disc overestimates the peaks heights (approximately the 

double) and underestimates the central wake of almost two orders of magnitude. The 

actuator disc with BEM underestimates everywhere. 



87 

4.6.2.2 TSR 10 

Fig.4.60 Mean velocity profiles along a horizontal line X/D=3, TSR=10, by simple actuator disk, 
BEM and experimental data 

From Fig.4.60 we can note that the actuator disk underestimates completely the wake 

intensity. With a low blockage effect due to a low thrust, the flow around the wake 

accelerates less. We expected a considerable error for the simple actuator disc at 

TSR=10, because for high values of axial induction factor the simple actuator disc 

model is no longer valid, it requires a empirical correction that in the simple actuator 

disc, presented in OpenFOAM, is not implemented. 
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Fig.4.61 Turbulent kinetic energy profiles along a horizontal line X/D=3, TSR=10, by simple 
actuator disk, BEM and experimental data 

Our models generally underestimate the turbulent kinetic energy level, maybe for effect 

of the turbulent model used. In this case the simple actuator disk underestimates 

severely (approximately 3 order of magnitude in the centre and approximately 13 times 

the peaks values) the speed profile, due to a wrong assignment of the thrust: the result is 

a strong underestimation of the turbulent kinetic energy. 

These last four figures show us what we mentioned before: the simple actuator disk is 

completely inappropriate to describe a wind turbine in off-design conditions. The 

simple actuator disk gives us better result at design conditions. However also in this 

condition the actuator disk with BEM offers us a better wake description. 
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4.7 Turbine vs Drag disc 
In the previous section the simple actuator disc and the actuator disc model were 

compared with the experimental data obtained from a wind turbine. In this section we 

want to analyze whether the computational model is more close to predict a wind 

turbine or a Drag Disc. 

In this section we compare the wake profiles obtained with the simple actuator disk, 

with the actuator disk with BEM, the simple Jensen model, the experimental data by the 

wind turbine and the experimental data in the wake of the Drag disc. These comparisons 

are performed at TSR=6 because in this condition the wind turbine has the same �� of 

the Drag Disc, as we can observe from Fig.4.8. A 2 cm mesh was used for both 

simulations, where the blade, in the actuator disk with BEM, was divided into 30 

elements. The profile are relative to two positions, X/D=1 and X/D=3 downstream from 

the turbine. 

Fig.4.62 Mean velocity profiles along a horizontal line X/D=1, TSR 6, by simple actuator disk, 
BEM, Jensen model, turbine experimental data and drag disc experimental data 
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Fig.4.63 Mean velocity profiles along a vertical line X/D=1, TSR 6, by simple actuator disk, BEM, 
Jensen model, turbine experimental data and drag disc experimental data 

Fig.4.64 Mean velocity profiles along a horizontal line X/D=3, TSR 6, by simple actuator disk, 
BEM, Jensen model, turbine experimental data and drag disc experimental data 
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Fig.4.65 Mean velocity profiles along a vertical line X/D=3, TSR 6, by simple actuator disk, BEM, 
Jensen model, turbine experimental data and drag disc experimental data 

From Fig.4.62, Fig.4.63, Fig.4.64, Fig.4.65 we can note that in general both the 

computational solutions are closer to the turbine. The actuator disc with BEM simulates 

very well the turbine and the velocity profile is completely different from the drag disc 

data: the actuator disc with BEM predict a central dip surrounded by two peak in 

correspondence of the disc edge whereas the drag disc wake has only one central peak. 

The model predicts a smaller velocity deficit than the turbine. The simple actuator disk 

overestimates the wake and the correspondence profile are limited by the turbine data 

and the drag disc data. In Fig.4.63 we can note that the simulations predict a profile 

close to the ground wall different from the turbine and the drag disc profile whereas 

turbine and drag disc are characterized by a similar profile in this zone, which is 

probably due to the tower presence. 

The Jensen model is the method that produce the worst results, this was predictable 

because it is thought to analyse a real wind turbine whereas in my work is used to 

analyse a model in a wind tunnel. In the Jensen model the 7 coefficient have to be 

calibrated with experimental data, so the value used (7 � Q
H) is quite accurate for a 

real case and not for a model. Furthermore this model does not consider the blockage 

effect and do not respect the conservation of the mass: it does not see the flow 

acceleration around the disk. The Jensen profile is squared because the Jensen model is 

an analytic model and it has not terms that take account of the velocity profile diffusion. 
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5 Conclusion 

In this thesis the wake behind a wind turbine, modeled by an actuator disk with BEM, 

was analyzed, both at on-design and off-design conditions. As a general comment, the 

model results match quite well the experimental data. At TSR=6, while the matching is 

particularly good for the velocity profiles, the estimated turbulent kinetic energy is 

twice as low. At on-design condition and for high TSR the agreement between 

simulations and experiments is better than for low TSR, probably due to errors in the 

estimation of the stall. The computational model is not able to predict the asymmetry in 

the experimental wake velocity profiles , which was due to the presence of nacelle and 

the tower, which were not included in the computational model. Despite the little 

discrepancies, we can use the actuator disc with BEM to analyzed the turbine wake and 

it can be a good tool to design a wind farm. 

The actuator disc model coupled with a BEM approach is more complex and requests 

more computational resources than the simple actuator disk. Despite that, the wake 

predictions are significantly better. When comparing the computations with 

experimental results from wind tunnel tests, the simple actuator disk is not able to 

predict the mean velocity of the flow at the center of the wake, while the actuator disk 

with BEM reproduces the wake more accurately. At off-design conditions, the simple 

actuator disk model outputs completely wrong results especially for what concerns the 

mean velocity profiles. 

The computations were also compared to the experimental results obtained with a 

porous disc, used as an experimental static simulator of a wind turbine. The porous disc 

wake was markedly different from the model turbine wake, being deeper and featuring 

much higher turbulence levels. While the actuator disc with BEM was in better 

agreement with the model turbine results, the simple actuator disc outputted velocity 

profiles which were featuring equally high errors both with respect to the turbine and 

the drag disc. 

The Jensen model, which is still the standard model for wake analysis in industrial 

environments, was outperformed by both actuator disc models, both for what concerns 

the agreement with the model turbine and the porous disc. This is due to the rather crude 

approximations of the Jensen model, especially for what concerns the wake spreading 

and evolution. Both the Jensen model and the actuator disc require the same input for 

the rotor simulation (i.e. only the turbine ��) and are equally crude for what concerns 

the rotor representation. Nevertheless, using a CFD model to simulate the wake 

spreading greatly improves the simulation, especially since the reference experiments 

were performed in a wind tunnel, where the low turbulence levels limit the spreading 

rate of the wake. As a general comment, the actuator disc with rotation is to be preferred 

over the Jensen model if the details of the wake want to be resolved. 
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The performance of the computational models is strictly linked with the accuracy of the 

input data, like the aerodynamic characteristics of the airfoil and the background wind 

tunnel turbulence. When experimental aerodynamics characteristics of the airfoil are 

used, and when the experimental value for the inlet turbulent length scale is employed, 

the results have a better agreement with the experiments. The turbulent length scale has 

a strong influence: if we use a relation used to calculate the turbulent length scale in a 

pipe the results are completely wrong, and the wake recovery is greatly overestimated.  

Although the analyzed model has proved to output good result, it can be surely 

improved in three key areas: 

• Mesh refinement 

• Including a model for nacelle and tower 

• Using Reynolds dependent airfoil characteristics 

The mesh used is a simple hexahedral mesh, where the cells have a regular hexahedron 

shape. The mesh had the same size in the whole computational domain exception made 

for the disc region, where the mesh is more refined. A possible improvement would be 

to increase the mesh refinement in the disc area and in the disc wake, to improve the 

precision in the wake resolution. In order to avoid that a cell is split between two 

adjacent annular rings, the usage of cells with a curved surface would be beneficial. 

The nacelle and the tower could be represented via simple actuator disks, even though 

the simple actuator disk library should be modified in order to include the empirical law 

which takes into account momentum theory breakdown.

In the current analysis the aerodynamic characteristics of the airfoil for +1 � H
M ¬ HQ³
were used for all calculations. An important improvement would be to insert the 

possibility of Reynolds dependent calculation of the airfoil characteristics, in order to 

take into account the variability of the blade performance at different TSR and for 

different radiuses of the analyzed blade section. 
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