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A B S T R A C T

This paper aims to provide an explanation for the overprediction of aerodynamic loads by CFD compared to
experiments for the MEXICO wind turbine rotor and improve the CFD prediction by considering laminar-turbulent
transition modeling. Large deviations between CFD results and experimental measurements are observed in terms
of sectional normal and tangential forces at the blade tip (r=R ¼ 0:82 and 0.92) of the MEXICO rotor operating in
axial condition at the design tip speed ratio λ ¼ 6:7. The first part of this study identifies the effects of ZigZag tape,
which is used in the experiment to trigger boundary layer transition, by analyzing the available experimental data
of a single, non-rotating MEXICO rotor blade. The analysis indicates that ZigZag tape has a significant impact on
sectional aerodynamic tip loads: it alters the boundary layer thickness and additionally reduces the effective
airfoil camber besides the expected tripping. These additional effects most likely also occur in the rotating
MEXICO experiment, reducing the sectional loads and hence lead to an overprediction by CFD. To eliminate the
ZigZag tape interference, experimental data with an untripped blade is preferred to be used as validation case. In
the second part of this study, a transitional flow simulation for the MEXICO rotor is performed by using RANS-
based transition model k� kL� ω within OpenFOAM-2.1.1. The numerical results are compared against experi-
mental data obtained from the untripped, new MEXICO experiments. The comparison gives that transitional
simulation present a very good tip loads prediction for the untripped blade. The measured data also confirms that
the ZigZag tape indeed has a significant influence on the blade tip loads in rotating conditions. The transition
onset over 3D MEXICO blade is visualized and transition locations are identified. The results shown in the present
study can explain the causes of the large differences between CFD and experiment observed in the MEXICO blind
comparisons.
1. Introduction

Accurate aerodynamic loads prediction on wind turbine blades is
important for turbine design. It is crucial not only for power output
estimation, but also for wind turbine blade lifetime prediction. Therefore,
in the last two decades, several representative wind tunnel measurements
(Hand et al., 2001; Snel et al., 2007) were carried out to provide high
quality experimental data for validating and improving aerodynamic
models. One of such measurements is the MEXICO (Model EXperiments
In Controlled cOnditions) experiment, which measured a three-bladed
wind turbine model with 4:5m diameter in the 8� 6m2 open test sec-
tion of DNW-LLF (German-Dutch Wind Tunnel-Large Low-speed Facility)
wind tunnel.

Blind comparisons of aerodynamic loads predictions with plenty of
different aerodynamic models, including lifting line codes and CFD codes
une 2017; Accepted 11 June 2017
from different project partners were performed. The comparisons
showed that the numerical results significantly overpredict the aero-
dynamic tip loads compared to the measurements, even with high fidelity
RANS-based CFD codes (Schepers et al., 2014). Fig. 1 shows the com-
parison of normal force distribution along the blade between predicted
results from different CFD codes and experimental data (Schepers et al.,
2014). The tip speed ratio is λ ¼ 6:7, which is the optimal design case.
The flow over the blade should be mostly attached. From the comparison
it can be seen that almost all CFD RANS simulations significantly over-
predict the normal force at radial locations r=R ¼ 0:82 and 0.92. For the
tangential force, the comparison becomes even worse than the normal
force at these locations, which is shown in Fig. 2. Although it has been
known that wind tunnel effects and tunnel calibration issues in MEXICO
experiment could be possible causes of the discrepancies between CFD
and the experimental results, the reason for the large overprediction is
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Fig. 1. Comparison of normal force distribution along the blade between CFD predictions
and MEXICO measurement for the design condition: λ ¼ 6:7; U∞ ¼ 15m=s; n ¼ 424:5rpm.
The data of new MEXICO measurement which includes latest calibrations (tunnel speed
and pressure sensor) is also added. The approximate differences in measured conditions
between two experiments are ΔU∞ ¼ 0:1m=s; Δn ¼ 0:6rpm.

Fig. 2. Comparison of tangential force distribution along the blade between CFD pre-
dictions and measurement, λ ¼ 6:7; U∞ ¼ 15m=s; n ¼ 424:5rpm.

Fig. 3. The shape and critical parameters of ZigZag tape.
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still not fully understood yet. The data of the new MEXICO experiment
including latest calibration (tunnel speed and pressure sensor) is also
shown in Fig. 1. These data show that with the new calibration, a slightly
higher sectional load is measured, but that the CFD codes still signifi-
cantly overpredict the outboard sectional loads.

It is well known that RANSmodeling is capable of predicting attached
flow quite well. The comprehensive overprediction shown above could
not be originated from numerical modeling failure. The remaining pos-
sibility could be the CFD geometry deviations from the measured model
in the wind tunnel. Indeed, the largest difference between experiment
and CFD computation is that in the experiment the boundary layer is
tripped by using ZigZag tape on both pressure side and suction side of the
blade to trigger the flow fully turbulent. It is assumed that the ZigZag tape
only effects the flow by promoting transition from laminar to turbulent.
However, it is very challenging for CFD to model and mesh the exact
ZigZag tape geometry and consequently the boundary layer is modeled as
fully turbulent over the whole blade in the simulations. Instead, the ef-
fects of the ZigZag tape on blade loads have not been discussed and fully
turbulent flow simulations on clean blade without the ZigZag tape are
assumed in almost all calculations except for the ETS code which solves
laminar flow over the blade. This assumption can be found in many
153
studies (Bechmann et al., 2011; Tsalicoglou et al., 2014; Plaza
et al., 2015).

Regarding the ZigZag tape effects on 2D airfoil aerodynamic char-
acteristics (Selig, 1995), discussed the effects of ZigZag tape width,
height and trip location on airfoil performance for two specific sailplane
airfoils: E374 and SD7037. For wind turbine airfoils (Van Rooij and
Timmer, 2003), discussed the ZigZag tape effects on the momentum
thickness of the turbulent boundary layer. The comparisons of airfoil
performance between clean and rough configurations are also shown for
several 2D thick airfoil classes. Van Rooij and Timmer (2003) concludes
that an effective ZigZag tape will lead to a significant increase in mo-
mentum thickness of the turbulent boundary layer and sometimes will
reduce (the maximum) lift. The height of distributed roughness k is
determined according to the method mentioned in the paper (Braslow
and Knox, 1958). Moreover, critical roughness Reynolds number (Rk ¼
ukk
νk
), based on the roughness height k and the local flow conditions in the

boundary layer at the top of the roughness, plays a role as well. The
required roughness height is reduced when the undisturbed air velocity
increases (Van Rooij and Timmer, 2003).

Therefore, the present paper aims to investigate the ZigZag tape ef-
fects on the measured sectional loads by the analysis of available
experimental data in the non-rotating MEXICO experiment. Eventually,
the objective of this study is to identify the cause of large deviation in the
blade tip loads comparison and to improve the prediction of CFD results
for the MEXICO rotor. This paper is organized as follows: Section 2
presents the brief description of the non-rotating experiment and the
analysis of ZigZag tape effects with measured data. Section 3 introduces
the numerical models for simulating the transitional flow over the
MEXICO rotor. Section 4 describes the computational setup, grid gener-
ation and boundary conditions. Results and discussion will be shown
afterwards in Section 5. Finally, the conclusions will be drawn in Sec-
tion 6.

2. The non-rotating MEXICO experiment and ZigZag tape effects

The non-rotating MEXICO experiments were carried out in the low
speed low turbulence wind tunnel at Delft University of Technology
(TUDelft) in November 2013 (Zhang et al. ; Boorsma and Schepers,
2014). This measurement campaign is an intermediate step before the
new rotating MEXICO experiment in phase II. In the non-rotating mea-
surement, the sectional airfoil aerodynamic characteristics of the
MEXICO blade with two different configurations are measured. One
configuration is the clean blade without any roughness, the other
configuration is blade with ZigZag tape roughness. Fig. 3 illustrates the
shape and critical parameters of the ZigZag tape. The ZigZag tape used in
the non-rotating experiment is almost the same as in the previous
rotating measurement. The operating conditions and the ZigZag tape
parameters are listed in Table 1. The DU91-W2-250 airfoil at r=R ¼ 0:35
and the NACA64-618 airfoil at r=R ¼ 0:92 radial locations are measured
with Kulite pressure sensors for different angles of attack. The chord-
based Reynolds number is about Rec ¼ 0:5� 106. The experimental



Table 1
The operating condition in the non-rotating experiment and parameters of ZigZag tape applied on the blade.

Inflow speed U∞ ½m=s� 60 ZigZag tape length r=R [�] 0 � 0:95
Turbulence intensity Tu [%] 0.06 ZigZag tape height h [mm] 0.20
Geometric angle of attack α [�] � 20∘ � 20∘ ZigZag tape width w [mm] 10
Chord-based Reynolds number Rec [�] � 0:5� 106 ZigZag tape angle θ [�] 60
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setup is shown in Fig. 4. Detailed experiment description can be found in
the reference (Zhang et al.). Apart from the measurement, a RANS
simulation of fully turbulent flow over the non-rotating blades with the
k� ω SST turbulence model has been performed in order to compare
against the wind tunnel measurements, which is also referred in the work
(Zhang et al.).
2.1. ZigZag tape effects on measured local pressure distribution Cp

Fig. 5 presents the results of measured pressure distribution at radial
location r=R ¼ 0:92 for three different angles of attack: α ¼ 8∘; 10∘ and
16∘. The blade with ZigZag tape acquires lower pressure on the pressure
side than clean blade. On the other hand, on the suction side, obviously
more pressure suction is obtained with the clean blade configuration,
resulting in much lower pressure near the leading edge. This lower
pressure occurs in the regions x=c ¼ 0 � 0:30 and x=c ¼ 0:40 � 0:70,
respectively. After x=c ¼ 0:70, conversely a bit higher pressure is
observed on the clean blade near the trailing edge. When the angle of
attack increases, the ZigZag tape effects seem to play a less important role
in the local pressure distribution.

2.1.1. ZigZag tape effects on measured integrated force cl and cd
Fig. 6 presents the comparisons of cl and cd polar for the clean and

tripped blades at r=R ¼ 0:92 radial location. The airfoil profile at this
section is NACA64-418. The ZigZag tape plays a significant role in
reducing the lift force in particular flow regimes, which is when α ¼
4∘ � 11∘. However, at attached flow condition where α<4∘, the ZigZag
tape has little influence on lift reduction. The same effect is observed at
higher angle of attack α>11∘ as well. Meanwhile, the drag force is not
influenced by the ZigZag tape significantly when the angle of attack is
larger than 10∘. But considerably higher drag force is obtained with
Fig. 4. Two experimental setups for the non-rotating MEXICO blade measurement i
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tripped blade when α is below 10∘, and the largest difference in drag force
between clean and tripped blade appears at α ¼ 8∘.

2.1.2. Estimated ZigZag tape effects on CFD numerical results
Fig. 7 shows the comparison of local chordwide pressure distribution

at r=R ¼ 0:92 between experimental measurement and CFD result at α ¼
8∘ (Zhang et al., 2014). From the Cp comparison, it can be observed that
3D CFD result with fully turbulent simulation has closer Cp agreement
with the clean blade measurement in the region x=c ¼ 0:05 � 0:80,
rather than with the blade with ZigZag tape roughness. Since the aim of
attaching ZigZag tape is to trigger only the flow to fully turbulent, the
fully turbulent condition in the experiment with tripped blade was
believed much easier in order to validate a numerical code in terms of
modeling such as CFD codes, in which fully turbulent assumption is
generally applied. However, the Cp comparison shows a clear proof that
the ZigZag tape has a significant influence on the Cp prediction. The
existence of ZigZag tape clearly alters the airfoil boundary layer
displacement thickness and decambers the airfoil.

Fig. 8 plots the 92%R sectional normal force comparisons by inte-
grating the experimental and numerical pressure at the same chordwise
locations. Similarly to the pressure distribution comparison, the normal
force for the clean blade is much larger than for the tripped blade, as
expected. The difference is about 7%FNrough . Due to the ZigZag tape effects,
a significant overprediction is observed for the fully turbulent CFD
simulation compared to results of the tripped blade. However, almost the
same normal force is predicted by CFD for the clean blade. In other
words, fully turbulent CFD simulation overpredicts the sectional normal
force on the blade with ZigZag tape, because the ZigZag tape alters the
boundary layer displacement thickness and airfoil camber.

The question that needs to be answered here is whether the difference
in Cp distribution discussed above between clean blade and tripped blade
n the low speed low turbulence wind tunnel of Delft University of Technology.



Fig. 5. The effects of ZigZag tape on local pressure distribution in the experiment. Cp comparison with and without ZigZag tape at r=R ¼ 0:92 radial location, α ¼ 8∘; 10∘ and 16∘.
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is an expected result when the boundary layer is tripped or that it is more
than expected. Figs. 9 and 10 further demonstrate the hypothesis that the
applied ZigZag tape not only plays a role in triggering flow transition at
specific location, but has greater effect than that. The numerical results
shown in these figures are obtained from Rfoil (Van Rooij), which is
based on a viscous-inviscid method for wind turbine airfoil analysis.
Fig. 9 clearly demonstrates that Rfoil presents very good capability for
predicting Cp distribution for the clean 2D NACA64-418 airfoil. However,
there are notable differences observed both on the suction side and
pressure side between numerical result and experimental measurement
for the tripped 2D NACA64-418 airfoil in Fig. 10. The transition locations
on the suction and pressure sides in Rfoil calculation are specified as the
experiment, but without any roughness height. The amplification factor
N ¼ 9 is used in the transition model eN for the Rfoil computation due to
the very low turbulence level in wind tunnel. As it can be seen from the
comparison, the measured pressure on the suction side with ZigZag tape
height of 0:2mm presents considerably less pressure suction compared to
Rfoil results, particularly in the region x=c ¼ 0 � 0:8. The ZigZag tape on
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the pressure side shows less influence on the pressure, even if the ZigZag
tape height of 0:32mm is larger than the one used on the suction side. To
quantitatively state the extra effects caused by ZigZag tape, the experi-
mental result produces 5:7% lower cl and 10% higher cd compared to
numerical result without any roughness height. These extra “negative”
effects indicate that the ZigZag tape, as an intrusive device to trigger
transition, significantly affects and disturbs the local flow over the airfoil
and further the aerodynamic loads due to its explicit existence. The
consequence of attaching ZigZag tape with same height on the rotating
blade tip r=R ¼ 0:92 could bemore severe than the difference in Cp on the
suction side shown in Fig. 10, because the ratio of ZigZag tape height to
local chord length (h=c) in the rotating blade case is larger than the 2D
airfoil case. The effect of ZigZag tape is a possible explanation for the
aerodynamic loads overprediction by CFD.

The ZigZag tape effects discussed above are not taken into account by
any CFD simulations for the MEXICO rotor. This observation can explain
why almost all CFD results in the rotating MEXICO experiment consis-
tently overestimate the normal force near the blade tip, even through the



Fig. 6. The effects of ZigZag tape on the integrated lift cl and drag cd polar of NACA64-418 airfoil at radial location r=R ¼ 0:92.

Fig. 7. The influence of ZigZag tape on the local pressure distribution. Cp comparison
with and without ZigZag tape and CFD prediction at r=R ¼ 0:92, α ¼ 8∘.

Fig. 8. The results of integrated sectional normal force at r=R ¼ 0:92 with angle of attack
α ¼ 8∘.
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rotor is operating at the design tip speed ratio. From the cl and cd curves
shown in Fig. 6, one can conclude that the lift and drag forces influenced
mostly by the existence of ZigZag tape roughness are at an angle of attack
α in the range from 4∘ to 11∘. When λ ¼ 6:7, the effective angle of attack
estimated at r=R ¼ 0:82 and 0.92 on the rotating blade are just in this
region (7:3∘ � 8:4∘ as estimated by BEM code), and consequently the
ZigZag tape on the rotating blade most likely shows similar or even
stronger effects on the aerodynamic loads as observed in the non-rotating
experiment.

According to the above analysis, it can be concluded that the exis-
tence of ZigZag tape has a significant impact on the sectional loads and
decambers the airfoil. Therefore, it is recommended to exclude these
effects from measured results. For that reason, in the new MEXICO
experiment carried out in July 2014, the aerodynamic loads were
measured with clean blade configuration (Boorsma and Schepers, 2014,
2015). Without tripped boundary layer, transitional flow from laminar to
156
turbulent has to be considered in CFD simulation. The following section
briefly describes the k� kL� ω transition model used in the present study
and validates it with two test cases before utilizing it for the complicated
3D rotating wind turbine case.

3. Transition model

3.1. Laminar-turbulent transition modeling

The present k� kL� ω transition model is based on the low-Re k� ω
shear stress transport (SST) eddy-viscosity model. Compared to other
RANS-based transition models, such as γ� Reθ SST, the advantage of the
present model is the elimination of the intermittency factor, a semi-
empirical parameter bridging the pre-transitional and turbulent bound-
ary layer and to enforce transition onset (Walters and Leylek, 2002). The
k� kL� ω model is a three-equation model, the transport equation of
laminar kinetic energy kL is added to model the low frequency velocity
fluctuations. The transport equations for the turbulent kinetic energy kT ,
the laminar kinetic energy kL and the specific dissipation rate ω in
incompressible form are written below:
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3.2. Implementation and validation of the transition model

The first version of OpenFOAM which includes the three transport
equation k� kL� ω transition model is OpenFOAM-2.1.1. Unfortunately,
there are some implementation errors found in the source code. The
model used in this study is the revised model which is implemented in
OpenFOAM-2.1.1 based on the paper (Fürst et al., 2013). The revised
model is named “corrected kkLOmega” in this paper and verification of
this model implementation and validation of its capability are
shown below.

First of all, the test case of 2D channel flow is tested for the k� kL� ω
transition model to verify the code. The friction Reynolds number is
Reτ ¼ 395 based on the half channel height δ, Reτ ¼ uτδ

ν . The DNS data of
(Moser et al., 1999) is used to compare the predicted mean velocity
profile and total fluctuation kinetic energy of k� kL� ω transition model.
In terms of the total fluctuation kinetic energy k ¼ 1

2 ðu0u0þ v0v0þ w0w0Þ,
which corresponds to the kTOT ¼ kTþ kL within the transition model, the
comparison in Fig. 11a shows that the fluctuation in the outer layer
significantly overpredicted by the wrong implementation. The correctly
implemented model in OpenFOAM-2.1.1 gives reasonable results, but
with a slight overprediction of total fluctuation kinetic energy in the
regions 10< yþ <50 and yþ > 300.

The simulations of flow over 2D wind turbine airfoil DU91-W2-250
are carried out to evaluate the performance of transition model k� kL�
Fig. 9. The comparision of pressure distribution between Rfoil and experiment for the
clean NACA64-418 airfoil. The Reynolds number is Re ¼ 0:7� 106 and the geometric
angle of attack is α ¼ 8∘. It demonstrates that Rfoil presents good capability for predicting
Cp distribution.
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ω with respect to transition onset. The chord-based Reynolds number is
Rec ¼ 1:0� 106. A fully structured O-type grid is used for the CFD sim-
ulations. The computational domain is about 100 chord in order to
reduce the influence of the boundary. The turbulence intensity is 0:06%
in all these simulations. The numerical results of turbulent reattachment
point for a range of angles of attack are compared with experimental
measurement of TUDelft, since in the experiment the microphone is used
to detect the transition onset location, where turbulent reattachment
point is close to. Fig. 11b shows the comparison of transition onset lo-
cations on the suction surface of DU91-W2-250 airfoil at Rec ¼ 1:0� 106.
The numerical prediction of turbulent reattachment point has a good
agreement with measured data for a large range of angles of attack. Only
at α ¼ 9:24∘ the turbulent reattachment prediction is delayed compare to
the experiment.

The revised version of the k� kL� ω transition model in OpenFOAM-
2.1.1 is considered correctly implemented and it presents good perfor-
mance of transition onset prediction for the 2D wind turbine airfoil. The
numerical setup of transitional flow simulation for the 3D MEXICO wind
turbine rotor with k� kL� ω model is described in the following section.

4. Grid generation and boundary conditions

The geometry of the MEXICO rotor and simulated condition is shown
Fig. 10. The comparision of pressure distribution between Rfoil and experiment for the
rough NACA64-418 airfoil tripped by ZigZag tape. The Reynolds number is Re ¼ 0:7� 106

and the geometric angle of attack is α ¼ 8∘. The configurations of ZigZag tape are: at
suction side x=c ¼ 5% with ZigZag tape height of 0:2mm and at pressure side x=c ¼ 10%
with ZigZag tape height of 0:32mm.



Fig. 11. Verification and validation of implemented k� kL� ω transition model in OpenFOAM-2.1.1.

Table 2
Blade geometry and simulated conditions.

Number of blades B½� � 3 Rotational speed n½rpm� 425.1
Rotor radius R½m� 2.25 Free-steam velocity U∞½m=s� 15.03
Hub radius rhub½m� 0.21 Tip speed ratio λ½� � 6.7
Twist angle at r=R ¼ 0:20[�] 16.4 Tip Reynolds number Retip½� � 0:76� 106

Turbulence intensity Tu½%� 0.8 Pitch angle [�] � 2:3

Table 3
The characteristics of three different levels of blade grids.

Grid Characteristic Coarse Medium Fine

Chordwise nodes 80 120 160
Spanwise nodes 225 225 225
First grid spacing (mm) 0.015 0.006 0.004
Maximum yþ <1 <0.5 <0.35
Maximum skewness 3.00 1.652 2.65
Maximum orthogonality 78.8 79.2 80
Total cells 2:33� 106 3:11� 106 3:16� 106
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in Table 2. The computational domain is a one third of cylinder and rotor
with periodic boundary in order to reduce the computational cost. A high
quality multi-block O-type structured grid is generated near the blade
surface by using hyperbolic method. A fixed growth rate of 1.1 is used for
extruding the viscous boundary layer grid. By changing the first cell
height normal to the blade surface and the number of nodes in the
chordwise direction, the grid refinement study is achieved by using three
different levels of grids. The detailed grid characteristics are listed in
Table 3. The surface and volumemeshes are illustrated in Figs. 13 and 14.
Besides, the farfield grid is generated by using unstructured tetrahe-
dral grid.

The CFD solver used is OpenFOAM-2.1.1 (Open Field Operation And
Manipulation), an open source CFD code using the finite volumemethod.
All the flow quantities are stored in the center of the discretized control
volume using a collocatedmethodology. Rhie-Chow correction (Rhie and
Chow, 1983) is used to remove the oscillations in the solutions when
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applying the collocated grid. The steady-state incompressible Reynolds-
Averaged Navier-Stokes (RANS) equations are decoupled and solved
with SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) al-
gorithm of Patankar and Spalding (1972). Multiple reference frame
(MRF) approach is used to model the rotating flow by adding the Coriolis
force in the momentum equations for the MRF zones. A second-order
accurate linear-upwind scheme linear-upwind is used to discretize the
convection term for velocity and a total variation diminishing (TVD)
scheme based on central differencing with limiter is chosen for the
convective terms kT ,kL and ω. Diffusion terms are discretized with a
second order centered scheme. Both the three equation transition model
k� kL� ω and the two equation fully turbulent model k� ω SST of
(Menter and Esch, 2001) are used to investigate the transitional effects on
the computed sectional aerodynamic loads on the blade.

The boundary condition at the inlet is Dirichlet for the inflow velocity
and turbulent inflow variables, calculated as in (Walters and Leylek,



Fig. 12. Schematic view of the computational domain.

Fig. 13. Illustation of the boundary layer mesh along the blade.

Fig. 14. Illustation of the surface mesh on the blade.
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2002), and a zero gradient Neumann boundary condition for the pres-
sure. Zero gradient at the outlet for all variables, expect for the pressure
for which a Dirichlet condition with a zero mean is imposed. Euler slip
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wall conditions are used at the hub surfaces, while no-slip wall boundary
conditions are applied at the surfaces of rotor blades. Arbitrary mesh
interface (AMI) technology (Farrell and Maddison, 2011) is imposed at
the interfaces connecting the MRF rotating zone and stationary zone.
Zero gradient is used for the farfield boundary of the computational
domain. In particular, cyclic boundary conditions are enforced at the
120∘ periodic boundaries for the computational domain, see Fig. 12.

5. Results and discussion

In this section, firstly, grid independence and convergence studies are
carried out on three grid levels. Then a simulation which features free
transition along the full span is performed for the MEXICO rotor and the
transitional effects on the sectional aerodynamic loads are discussed for
λ ¼ 6:7. The numerical loads prediction considering transitional flow is
compared with the aerodynamic loads acquired in the new MEXICO
experiment for the clean configuration. Only the outboard part
(r=R>0:7) of the blade (NACA profile) is clean, the rest part of the blade
is still tripped in the experiment (Boorsma and Schepers, 2014, 2015).
Finally, the computed transition lines are visualized on blade surfaces
and transition onset locations are quantitatively identified.
5.1. Grid independence study and convergence study

In order to examine which grid is fine enough to discretize the domain
of space, simulations are carried out on three grids with different den-
sities as shown in Table 3 with the wind speed U∞ ¼ 15:03m=s and tip
speed ratio λ ¼ 6:7. Fig. 15a plots the comparison of thrust on the rotor
for these three cases. The difference between medium mesh and fine
mesh is less than 1%. Meanwhile, the sectional pressure distribution and
skin friction on three grids are further examined, showing almost the
same results between the mediummesh and the fine mesh. Therefore, the
medium mesh is considered sufficient for mesh independence. The re-
sults shown below are the numerical solutions obtained on the me-
dium mesh.

In addition, the discretization schemes show good numerical stability
and convergence, as can be seen in Fig. 15b. The final scaled residuals
(Jasak et al.) of all conserved variables are below 10�4. Taking the thrust
iteration history into account, the numerical solution is considered
fully converged.
5.2. Transitional effects

Figs. 16 and 17 compare the computed sectional, normal and
tangential force distribution between transitional corrected kkLOmega
and fully turbulent k� ω SST. It is shown that both FN and FT with
considering boundary layer transition are higher than fully turbulent
results. These observations are expected since when part of flow over the
airfoil is laminar, generally more pressure suction is obtained on the



Fig. 15. a) Comparison of thrust on the rotor with three different grids b) Residuals convergence history for conserved variables on the medium mesh.

Fig. 16. Transitional effects on the normal force along the blade at design tip speed ratio
λ ¼ 6:7 (U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3). The blue bar indicates the
relative difference between two predictions. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 17. Transitional effects on the tangential force (with viscous force) along the blade at
design tip speed ratio λ ¼ 6:7 (U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3). The blue
bar indicates the relative difference between two predictions. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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upper surface. Figs. 18 and 19 show the more detailed information of
sectional pressure distribution at r=R ¼ 0:35 and r=R ¼ 0:92 radial po-
sitions. Indeed, the main difference can only be found on the suction side.
To quantify the difference in the forces, the relative difference is defined
as Ftransition�Fturbulent

Fturbulent
. The relative difference in normal force is almost

decreasing towards to the tip, which also indicates that transition has
more influence at the inboard part of blade. Approximate 5% tangential
force difference is observed for all the sections on the blade.

5.3. Aerodynamic loads prediction with the new MEXICO experiment

Fig. 20 compares the aerodynamic loads between the CFD transitional
case, fully turbulent case, MEXICO experiment and new MEXICO
experiment. The experimental wind speed for the MEXICO experiment
shown in the figure was not corrected for the updated tunnel calibration.
In the new MEXICO experiment, both configurations with and without
ZigZag tape are measured, while in the MEXICO experiment only the
tripped blade is measured. It can be clearly seen there are some differ-
ences in the normal force FN between the first phase MEXICO experiment
and the second phase new MEXICO experiment. Consistently higher
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normal force FN is observed at r=R ¼ 0:82 and 0.92. These differences
mostly could be attributed to the improved calibration in the new
MEXICO experiment. A significant normal force increase is observed at
sections for the clean tip compared to the tripped tip, which further
demonstrates that the ZigZag tape plays a significant role in affecting the
tip loads. To be noted is that this ZigZag effect on sectional loads and
chordwise pressure distribution can also be observed in the NREL Phase
VI experiment, especially under low wind speeds with almost attached
flow conditions, see themeasured data with and without ZigZag in Figs. 3
and 5 of (Gomez-Iradi and Munduate, 2014).

Regarding the CFD results, the transitional and fully turbulent simu-
lations are performed with the same conditions as in the experiments.
Due to slightly different operating conditions between the MEXICO and
new MEXICO experiments for the tripped configurations, small differ-
ences in the normal forces are observed from the corresponding fully
turbulent simulation results. To be noted is that although the calibration
and loads measurements in the new MEXICO experiment are considered
to have much higher quality compared to the MEXICO experiment, the
results of fully turbulent simulations still significantly overpredict the



Fig. 18. Cp comparison between fully turbulent and transitional flow at r=R ¼ 0:35 radial
section (λ ¼ 6:7, U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3).

Fig. 19. Cp comparison between fully turbulent and transitional flow at r=R ¼ 0:92 radial
section (λ ¼ 6:7, U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3).

Fig. 20. Comparison of normal force distribution along the blade between numerical
predictions and experimental measurements. Three different experimental conditions are
MEXICO rough (U∞ ¼ 14:93m=s, n ¼ 424:5rpm, ρ ¼ 1:246kg=m3), new MEXICO clean
(U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3) and new MEXICO rough (U∞ ¼
14:86m=s, n ¼ 425:1rpm, ρ ¼ 1:20kg=m3).

Fig. 21. Comparison of tangential force distribution along the blade between numerical
predictions and experimental measurements. Three different experimental conditions are
MEXICO rough (U∞ ¼ 14:93m=s, n ¼ 424:5rpm, ρ ¼ 1:246kg=m3), new MEXICO clean
(U∞ ¼ 15:03m=s, n ¼ 425:1rpm, ρ ¼ 1:191kg=m3) and new MEXICO rough (U∞ ¼
14:86m=s, n ¼ 425:1rpm, ρ ¼ 1:20kg=m3).
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aerodynamic loads on the tripped blade at the tip. Again, the reason is
that the ZigZag tape decreases the normal force further by performing
more than tripping the boundary layer. By eliminating the ZigZag tape
effects, the results of free transitional simulation considering laminar-
turbulent boundary layer transition agrees very well with the experi-
mental results.

Fig. 21 shows the comparison of tangential force along the blade
between CFD and experiment. Only the pressure contribution is consid-
ered here and the viscous contribution is excluded in the tangential force,
both for CFD and experiment. A higher tangential force is predicted at the
tip by CFD compared to experimental data, for both clean and tripped
conditions. The possible reason might be the limited resolution of
chordwise pressure sensor lead to an underprediction of the measured
tangential force.

5.4. Transition onset visualization

Fig. 22 shows the contour of turbulent kinetic energy kt distribution
in the first layer cells which are adjacent to the blade surface, which is
used to identify the transition onset. The contour plot clearly shows that
there is large portion of the flow still being laminar, both for the suction
side and the pressure side. The transition line indicated by means of kt
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distribution along the blade is similar as streaking patterns of the vector
field wall shear stress by using line integral convolution (LIC) technique
(Cabral and Leedom, 1993) in ParaView. More specifically, Fig. 23
quantifies the exact transition onset location xtran

c along the blade at λ ¼
6:7. Under this condition, transition from laminar to turbulent on the
suction side occurs earlier than the pressure side. At the inboard part of
the blade (r=R<0:60), the locations of transition onset related to the
local chord along the blade span have slight changes, while at the
outboard part of the blade (r=R>0:60), the transition location shows
dramatic variations. The transition location moves closer to the trailing
edge as the radius becomes larger.

6. Conclusions

This paper investigates the effects of ZigZag tape on sectional



Fig. 22. Transition onset on the suction side (upper figure) and pressure side (lower figure) of the blade, overlap with LIC texture for wall shear stress in ParaView. The red color indicates
the flow is fully turbulent. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 23. Transition onset locations along the blade span at suction and pressure sides with
optimal tip speed ratio λ ¼ 6:7.
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aerodynamic tip loads by the analysis of measured data in the non-
rotating MEXICO experiment. In addition, a RANS-based 3D transi-
tional flow simulation is performed for the MEXICO rotor in order to
improve the tip loads prediction and quantitatively investigate the
transitional effects. Some observations and conclusions can be summa-
rized as:

� ZigZag tape has a significant impact on the aerodynamic character-
istics for sectional airfoils of MEXICO blade. For the NACA airfoil at
r=R ¼ 0:92 radial location, ZigZag tape plays an important role in lift
reduction at specific flow regimes: α ¼ 4∘ � 11∘. Regarding the
ZigZag tape effects on drag force, considerable drag increase occurs at
α<10∘, but less influence on the drag when α>10∘.

� ZigZag tape performs much more than what is expected in tripping
flow transition at specific locations in the experiment. It significantly
alters the boundary layer displacement thickness and further the
airfoil camber, which is a probable explanation why fully turbulent
CFD result significantly overpredicts the normal force. Much closer
162
sectional normal force agreement is obtained between the fully tur-
bulent CFD result and the experimental data with clean blade
configuration in the non-rotating MEXICO experiment.

� By eliminating the ZigZag tape interference in the new MEXICO
experiment, very good agreement of aerodynamic loads on the clean
blade tip is obtained between experimental results and 3D transi-
tional flow simulation. The large difference in the measured normal
force at the blade tip between clean and tripped conditions further
confirms that ZigZag tape indeed has a significant influence on the
blade tip loads in the rotating conditions.

� It can be concluded from the present study that ZigZag tape is the
probable cause resulting large discrepancies between fully turbulent
CFD results and measured tip loads on blade with ZigZag tape
configuration observed in the blind MEXICO aerodynamic loads
comparison.

� Under the design tip speed ratio λ ¼ 6:7, large portion of the flow over
the MEXICO blade is still laminar. Flow transition from laminar to
turbulent occurs earlier on the suction side than on the pressure side.
At the inboard part of blade (r=R<0:6), the locations of transition
onset related to the local chord are almost constant, but dramatically
move toward to the trailing edge when the radial location increases.
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