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Abstract

The present research frontier on wind turbine wake analysis is leading to a massive use of large-eddy simulations to completely
solve the flow field surrounding the rotors; on the other hand, there is still room for lower-fidelity models with a more affordable
computational cost to be used in extended optimization analyses, e.g. for a park layout definition. In this study, a customized
version of the Virtual Blade Model (VBM) for ANSYS® FLUENT® is presented. The model allows a hybrid solution of the flow,
in which the surrounding environment is simulated through a conventional RANS approach, while blades are replaced by a body
force, calculated by a simplified version of the Blade Element Theory. The potential of the newly-customized VBM was
evaluated by applying it to the famous NOWITECH-NORCOWE blind tests for horizontal axis wind turbines. Several test cases
were analyzed and discussed including: 1) a single turbine; 2) an array of two turbines with one rotor working in the wake of the
other one; 3) an array of two staggered rotors; 4) several configurations of rotors working in yawed-flow. The study proves that
the VBM model can represent a valuable tool for the analysis of wind turbines wakes and of their interaction with near rotors.
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1. Introduction

The leading role of wind energy in the world scenario is being consolidated in the last few years by all statistics.
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A recent one [1] showed for example that 2015 was an unprecedented year for the wind industry, as annual
installations crossed the 60 GW mark for the first time in history, with a cumulative annual market growth of more
than 17%. The majority of this power is supplied by large rotors, often clustered into parks. In these installations, the
mutual influence of wakes can have a tremendous impact on the turbine efficiency, reaching even 30-40% power
losses and fatigue loads up to 80% larger if compared with turbines operating in undisturbed wind [2], with a notable
decrease of both the expected revenue of the wind farm and the expected lifetime of the downwind turbines. Since
experimental wake analyses of real-scale turbines are extremely expensive and often barely feasible, significant
efforts have been made by researchers both in developing mathematical models for the wake description and in
extensively using computational fluid dynamics (CFD) [3-4]. The computational cost of these approaches, especially
if based on Large Eddy Simulations, is very high and often not compatible with extended optimization analyses
typical of the industrial practice (e.g. for a park layout definition). Increasing interest is then devoted at defining
simplified techniques for the analysis of wind turbine wakes [5], with particular focus on the far-wake interaction
with downstream rotors. If well-known Reynolds-Averaged Navier-Stokes (RANS) CFD approaches represent a
valuable trade-off in many applications [6], even more simplified models are being developed in case of multiple
rotor analyses, in which a RANS CFD approach is used to solve the flow field everywhere in the domain except on
the rotor blades, which are replaced by an equivalent energy extraction from the flow [7]. Upon comparison of these
models [8], the authors recently suggested that the adaptation to wind turbines of the Virtual Blade Model (VBM)
for ANSYS® FLUENT® may be particularly effective for wake studies. To this end, in the present study the potential
of a customized and improved version of the VBM is then evaluated by applying it to the famous NOWITECH-
NORCOWE blind tests to assess its potential in correctly reproducing the performance and wake shape of horizontal
axis wind turbines in case of both aligned and skewed flow.

Nomenclature
c local blade chord [m]
¢p, CL drag, lift coefficient [-]
Cp power coefficient [-]
D turbine diameter [m]
r R local radius, outer turbine radius [m]

’ coefficient of determination [-]
U wind speed [m/s]
' dimensionless wall distance [-]
Acronyms
BEM Blade Element Method
CFD Computational Fluid Dynamics
RANS Reynolds-Averaged Navier—Stokes
TSR Tip-Speed Ratio
VBM Virtual Blade Model
Greek letters
o incidence angle [rad]
y yaw angle [deg]
p fluid density [kg/m’]
Q turbine revolution speed [rad/s]
Subscripts
0 value at infinity

X,y,z directions of the reference axes

2. Numerical techniques

The Virtual Blade Model (VBM) is a user-defined function proposed for the commercial solver ANSYS®
FLUENT® (running with a RANS approach). This add-on was originally conceived to model the aerodynamics of
propellers and helicopter rotors and it is still used extensively for these purposes, even in military applications [9].
Its application to HAWTs is, however, quite straightforward, even if still not so common (seen only in [7] and [11]).
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2.1. Virtual Blade Model

The basic assumption of the VBM model is to replace the time-averaged aerodynamic effect of turbine blades
(neither meshed nor modelled) with a momentum source term placed inside a rotor disk fluid zone with an area
equal to the swept area of the turbine (Fig. 1(a)); no vorticity source can be introduced via the VBM model. This
term is calculated with a classical BEM approach [10] that logically depends on the chord length, the angle of
attack, and the tabulated aerodynamic coefficients of the airfoils. In this study, a customized version of the model
was created, by incorporating a few modifications in the iteration procedure on the induction factor, following the
experience collected by some of the authors in their in-house software HARDAR [12]. In addition, in order to
improve the accuracy of the prediction of the turbine performance, the stall delay model by Du and Selig [13] was
implemented within the VBM. This model, whose main equations for the 3D correction of 2D lift and drag
coefficients are reported in Egs. (1), (2), (3) and (4), in fact showed in the recent past a good accuracy for medium-
size rotors with Selig-type airfoils [12]. A preliminary analysis on the NREL Phase VI turbine [8] recently
confirmed the predictability enhancement achieved for the VBM in the present configuration.
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2.2. CFD setup

As discussed, the VBM model allows the user not to model the blades, which are instead replaced by a single-cell
grid layer, within which the model is applied. In the rest of the domain (Fig. 1(b)), the flow field is solved with a
conventional RANS approach. In this study, a second-order numerical scheme was used and the turbulence closure
was achieved through the k-o SST model by Menter [14], as originally proposed by [7] and in agreement with
previous RANS simulations of HAWTs [8]. The dimensions of the computational domain were set equal to those of
the wind tunnel (described in Section 3). Lateral surfaces of the domain were modeled as viscid walls, while
velocity inlet and pressure outlet boundaries were used to reproduce the wind tunnel operation. The convergence
was achieved as soon as variation of the turbine power output predicted by the VBM was lower than 0.1%.

The mesh was of unstructured type, made of tetrahedral elements in all the domain except for the rotor disk,
which was discretized by means of prismatic elements. A dedicated mesh sensitivity analysis was carried out for the
single rotor (see Sect. 3). Four meshes (labelled from M1 to M4) were tested, having approximately 400k, 900k,
1800k, and 2900k elements, respectively. Between each mesh, the number of elements inside the fluid disk was
doubled, up to mesh M4 which reached the maximum level of discretization intrinsically allowed by the VBM (=
8000 elements). Proper refinement was always provided in front of the virtual rotor and along the wake, in order to
ensure a low expansion ratio and then a reduced numerical dissipation. The results of the sensitivity analysis (e.g.
Fig. 1(c)) were evaluated in terms of velocity difference at each Y position between the wake profiles at different X
distances from the rotor. Punctual velocity differences were then reduced into an aggregate parameter through the
coefficient of determination (R’) [8], i.e. the square of the sample correlation coefficient between the observed
values at each Y and the observed predictor values, being these the value of the finest mesh M4. It was found that
mesh M3 was able to guarantee mesh independent results, being R”>0.98 for all of the analyzed distances.
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3. Selected study cases

The first set of wind tunnel data referred to the famous Blind Tests (BT) by NOWITECH & NORCOWE at the
NTNU in Norway. The wind tunnel has a test section 12 m long, 2.7 m wide and about 1.8 m height (Fig. 2(a)). The
baseline rotor in BT1 [15] (Fig. 2(c)) was a 3-blade NREL turbine with a S826 airfoil and a diameter D=0.894 m. It
has a design tip-speed ratio (TSR) of 6 and the center of the rotor was located at z=0.817 m above the floor level and
at 2D distance from the tunnel inlet. Reference wind velocities ranging from 7 to 15 m/s were explored. In BT2 [15],
a second rotor (Fig. 2(b)) was placed upstream the first one, at a distance of 3D and with the rotational axis aligned
in the wind direction. During the tests, the upwind turbine was maintained at its nominal TSR of 6 while the
behavior of the downstream was evaluated for three different TSRs.

In BT3 [15], the same turbines and operating conditions were used but the rotational axes of the rotors were
shifted in the y direction of 0.2 m. The second data set was instead taken from [16]. In this study, the same wind
turbines and wind tunnel of the Blind Tests were used but in case of a yawed inlet flow. The 1-rotor and the 2-rotor
cases were here reproduced at different TSRs and yaw angles for a wind speed of 10 m/s.
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Fig. 2. (a) NTNU wind tunnel; (b) upstream turbine; (c) downstream turbine (also used alone in BT1).
4. Results and discussion

4.1. Blind Test 1 (single rotor)

The assessment of the VBM potential was first carried out on Blind Test (BT) 1 data, which refer to one turbine
only tested at various TSRs. Figure 1 collects the main outcomes of the comparison.

In particular, Fig. 1(a) compares the experimental power coefficient curve [15] with that predicted with the
VBM: the comparison shows a very good agreement between the two in terms of both the absolute values and the
curve shape. A small shift between the curves can be however noticed, in agreement with all the other numerical
simulations (with BEM methods or CFD) of the same test case. The reasons of such a discrepancy can be
hypothesized upon examination of Fig. 3(b) and Fig. 3(c), which report (in terms of dimensionless velocity, U/Uy)
the near and far wake profiles, respectively, at the rated tip-speed ratio of TSR=6.
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Fig. 3. Results of BT1 - (a) Cp vs. TSR; profiles of: (b) near wake (1D) and (c) far wake (5D) @ TSR=6.

It is indeed apparent that numerical simulations predicted a lower wind speed within the tunnel in reason of an
attended blockage effect (induced by the presence of the turbine) lower than that estimated from experiments. This
conclusion is again in agreement with the conclusions drawn by other researchers on the same test case [15].

Overall, however, the VBM was able to quite reliably predict the shape of the near wake (1D downstream) and
the far wake (5D), where a discrepancy is only noticeable in the center of the wake, suggesting a longer extension of
the wake in experiments with respect to numerical simulations.

4.2. Blind Test 2 (two aligned rotors)

In BT2, the aerodynamic performance of the same turbine was studied at different TSRs while working in the
wake of an upstream additional rotor operating at its nominal TSR=6. According to previous BT, Fig. 4(a) first
reports the comparison between experimental power coefficients [15] and VBM estimations at those specific TSRs
for which detailed wake measurements were available. Once again, the agreement between experiments and VBM
data is particularly promising despite the quite simplified theoretical approach at the basis of the model.

An even better agreement was noted in terms of wake profile description at all the three investigated TSRs of the
downstream turbine. For brevity reasons, the only comparisons at the nominal working condition of TSR=4.0 are
here reported for the near wake (1D — Fig. 4(b)) and the far wake (4D — Fig. 4(c)), respectively. Both comparisons
show an impressive matching between experiments and simulations, even better than that obtained for the single
rotor in BT1, possibly due to the fact that the downstream rotor is less loaded in comparison to the upstream one in
reason of the lower oncoming wind (Fig. 5) [8]. In these conditions, some aerodynamic effects like the wake
rotation, the tip effects and the flow-nacelle interaction — which are typically hard to properly model with low-
fidelity theories like the BEM — have a lower impact on the rotor performance.

The mismatch on the prediction of the induced blockage around the downstream rotor seems also to be reduced
in comparison to the upstream turbine, suggesting (see Fig. 5) that the major impact is due to the first interaction
between the flow and the first rotor, possibly connected to inlet flow distortions in the wind tunnel.
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Fig. 4. Results of BT2 - (a) Cp vs. TSR for the two turbines; (b) near wake (1D) and (c) far wake (4D) @ TSR_T2=4.
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Fig. 5. Velocity contours in BT2 @ TSR_T2=4: (up) xy plane; (down) xz plane.

4.3. Blind Test 3 (two misaligned rotors)

The same analyses of BT2 were repeated in BT3 in case the downstream rotor is shifted laterally with respect to
the upstream one; this configuration is indeed typical of wind turbine clusters. Again, good agreement is first
noticeable in Fig. 6(a) in terms of power coefficient vs. TSR. Focusing on wake profiles, the robustness of VBM
predictions was again confirmed at all the three tested TSRs. For brevity reasons, the only comparisons at the
nominal working condition of TSR=4.75 are here reported for the near wake (1D — Fig. 6(b)) and the far wake (3D —
Fig. 6(c)), respectively. Despite the complexity of the flow field, the main aerodynamic phenomena are clearly
distinguishable in the wake profile through simulations, again confirming the good accuracy of the VBM. As
expectable based on the turbine layout (see for example Fig. 7), simulations suggest the presence of a quite high
blockage effect in experiments, testified by the lateral velocity profiles in Fig. 6(b) and Fig. 6(c).
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Fig. 6. Results of BT3 - (a) Cp vs. TSR for the two turbines; (b) near wake (1D) and (c) far wake (3D) @ TSR_T2=4.75.
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Fig. 7. Velocity contours in BT3 @ TSR_T2=4.75: xy plane.

4.4. Yawed flow tests

The final cases for the validation of the VBM were represented by the wind tunnel tests carried out by Andresen
[16] on the same turbines within the same tunnel of the NOWITECH & NORCOWE campaigns. Performance and
wake measurements were first performed on a single turbine, which was rotated to induce a yaw angle between the
incoming wind and the turbine axis. Then (Fig. 8(a)), the effects on the downstream rotor were analyzed.
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The Cp variation of the single turbine in yawed flow (Fig. 8(b)) accurately followed the typical trend already
described by [12] and dependent on cos’(y). If compared to VBM predictions, good agreement was also appreciated
between experiments and simulations for the wake profiles (e.g. Fig. 8(c)), testifying the accuracy of the VBM even
in case of a misaligned flow. This feature of the model makes it particularly promising for all those applications
which are characterized by misaligned flows (e.g. the urban environment [12]). The progressive reduction of the
energy extracted by the turbine as a function of the yaw angle is well depicted by the velocity contours reported in
Fig. 9 for skew angles of 10°, 30° and 50°, respectively. The intensity of the turbine wake is indeed progressively
reduced, becoming also strongly affected by the separation phenomena occurring in the surroundings of the nacelle.
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Fig. 8. Test results in yawed flow: (a) qualitative wake behavior in yawed flow; (b) Cp variation as a function of the yaw angle; (c) example of
wake profile description in yawed flow: near wake (1D) for y=20°.
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Fig. 9. Test results in yawed flow @ TSR=6: velocity contours at yaw angles of 10°, 30° and 50°, respectively.

Finally, the 2-turbine case was analyzed. Figure 10(a) first compares the power coefficient curves of the
downstream rotor as a function of TSR for three relevant yaw angles of the upstream rotor of 0°, 20° and 40°,
respectively. Again, sound agreement was found between experiments and simulations, with a correct description of
the Cp values, the curve shape and the position of the peak efficiency. As attended, the performance of the
downstream rotor is now enhanced for increasing yaw angles, in contrast with the former results of BT2. As clearly
shown by Fig. 10(b), as soon as y increases, the downstream rotor indeed works with a more energized flow leaving
the less-efficient upstream rotor. The good handling of the VBM model of the wake interaction shown by these tests
and by blind tests 2 and 3 corroborated the suitability of the model itself for wind park or array studies.

5. Conclusions

In the present study, the potential of the Virtual Blade Model (VBM) for ANSYS® FLUENT®, originally
conceived for helicopter blades, in the performance analysis and the description of wind turbine wakes was assessed
by comparing numerical predictions with several sets of wind tunnel data, many of which are part of the famous
NOWITECH-NORCOWE blind tests for horizontal axis wind turbines.
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Fig. 10. Test results in yawed flow for two turbines: (a) Cp vs. TSR for the downstream turbine; (b) velocity contours at yaw angles of 20° and
40°, respectively @ TSR_T2=5.

The test cases included: 1) a single turbine; 2) an array of two turbines with one rotor working in the wake of the
other one; 3) an array of two staggered rotors; 4) several configurations of rotors working in yawed-flow.

Overall, the model — if applied with the custom modifications and the numerical framework presented in the
paper — was able to properly model the main features of the wake of all the turbines, in case of both a single rotor or
two rotors. A reliable estimation of the turbine performance was also provided in all the study cases. In particular,
sound agreement was found also for the tests in yawed flow, confirming the prospects of this method in wind energy
applications, even in case of non-conventional siting problems like, for example, the urban environment.
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