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Wind turbine sizes have grown continuously in the past. That is why the questions such
as how much the wind turbine size can grow and what are the aspects that limit the growth
come from have to be answered. In order to analyze these questions for the rotor of such a
wind turbine, the preliminary design of a 20MW wind turbine rotor has been performed
within EU 6th Framework Project UPWIND. Although the rotational speed of the wind
turbine is as low as around 6 rpm, due to the growth in size very high Reynolds number
values of up to 25 million have been reached. The effects of very high Reynolds numbers on
the aerodynamic characteristics of the airfoils are investigated and their influences on the
rotor design and performance are discussed. As a result, up to 20% reduction in the chord
can be achieved due to the increase in the C; and decrease in Cq in high Reynolds numbers.
Since the change in the Reynolds numbers influences the rotor design in many respects,
more detailed investigations and especially wind tunnel tests of the airfoils for very high
Reynolds numbers are required in order to have reliable future large wind turbines.

Nomenclature

c = local chord value

Cq = drag coefficient

C: = skin friction coefficient
C = |ift coefficient

Co = pressure coefficient

Cp = power coefficient

I = characteristic length

M = Mach number

P = Power

r = local radius

Re = Reynolds number

U = Free stream wind velocity
y* = dimensionless wall distance
A = tip speed ratio

) = kinematic viscosity

I. Introduction and Motivation

G rowing trends in the wind turbine rotor sizes introduce a lot of challenges to the wind energy research. These
new challenges require researchers to provide better understanding of the wind conditions and accurate models
to decrease the uncertainties in the design phase and to improve the reliability of these huge machines. All of these
aspects have been studied in several projects 2 In order to find the limits of the rotor sizes, a 20 MW rotor design
study has been performed within the UPWIND project in which several aspects of a design have been investigated®.
During this investigation, due to the increased blade dimensions, the local Reynolds number values along the blade
span are found to be as high as 25 million while the local speeds are staying the same. The operating Reynolds
numbers for a 20MW wind turbine rotor blade is shown in Figure 1. According to this figure, a 20MW wind turbine
blade will operate with Reynolds numbers larger than 10 million except the blade root section although the root is
still approaching 10 million Reynolds numbers for the high wind speeds. In the figure, it is also shown that
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depending on the airfoils used along the blade, the availability of the wind tunnel test data is limited to the very low
operating wind speeds for a wind turbine of this size. If NACA airfoils are used, some test data can be found for 9
million Reynolds numbers which is still not covering the whole operating range. This means that either test data for
Reynolds numbers higher than 9 million is necessary or Reynolds number effects on the wind turbine design has to
be investigated.

Effect of Reynolds numbers are also known as scale effects in the aeronautics society. These effects are usually
coming into picture when an aircraft has to be scaled down for wind tunnel tests. Even if the design speeds of these
vehicles are kept the same in the test conditions, Reynolds numbers always differ due to the effect of scaling the
geometry. Moreover, the increase in size of the commercial airplanes and the increasing speed of the aircrafts are
other reasons why the very high Reynolds numbers and their effects are being considered. In the past there had been
at least two NATO — AGARD (Advisory Group for Aerospace Research and Development) working groups
dedicated to the scale effects on the aircrafts and high Reynolds number wind tunnel studies®, °>. Nowadays, the
aircrafts and the wing sections are being designed for their flight Reynolds numbers®, *, & For wind turbines, the
scale effects are also known going from small (a few hundred kilowatts) to large scales (a few megawatts). In the
development of wind turbine rotors, wind tunnels are mainly used for the testing of the blade sections. Therefore, the
Reynolds number effects are usually taken into account by testing the airfoils used on a blade for the proper
Reynolds numbers. However, for the Reynolds number ranges that 20MW wind turbine is introducing, there is no
wind tunnel data available for the wind turbine airfoils. It is also not possible to directly translate the knowledge
gained from the aircrafts to the wind turbines about the Reynolds number effects. The main difference between the
aircrafts’ design conditions and a 20MW wind turbine design conditions is that most of the aircrafts are designed for
at least the transonic wind speeds where the Mach numbers are around 0.8 in which the compressibility effects are
not negligible and there is shock wave on the wing®. However, along a 20MW wind turbine blade, the air is still
below Mach number of 0.3 where it is assumed to be incompressible. In the off design conditions for the aircrafts,
landing and takeoff are the only operating conditions where the flow is also incompressible and the Reynolds
numbers are still high. The 2D wind tunnel tests which are performed for the takeoff or landing conditions of the
aircrafts for high Reynolds numbers and low Mach numbers are for the high lift configurations (with flaps and slots)
of the airfoil sections. Moreover, wind turbine blade sections are very thick, t/c between 18% to 40-50% compared
to the aircraft wing sections where the thickness values could be as thin as 6-9%.

Due to all of the reasons stated, it is decided to evaluate the effects of very high Reynolds numbers on the design of
a 20MW wind turbine rotor in the following way: 3 airfoil databases that contain c, and ¢4 data of airfoils for several
different Reynolds numbers have been generated by using the available ¢, and ¢y data of the airfoils and correcting
them for high Reynolds numbers with RFOIL® predictions. These databases have been used for the design of three
different rotors for the same conditions in order to show the effects of using airfoil data for different Reynolds
numbers. Before this, RFOIL predictions are compared with the wind tunnel test data of an airfoil which is found in
public domain for very high Reynolds numbers in order to evaluate the validity of the corrections. RFOIL
predictions are also compared with CFD simulations for a few cases by using Ansys-CFX™. Three rotors have been
designed to give the best annual yield and compared with each in order to explain the effects of very high Reynolds
numbers on such a design.
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Figure 1. Reynolds number distribution along the blade span and the region of the available wind tunnel
test data of 2D sectional characteristics
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Il. Methodology

A. RFOIL predictions for very High Reynolds Numbers

RFOIL is an extension of XFOIL. The boundary layer equations in XFOIL are modified for a better post-stall
prediction and due to the 3D effects coming from the rotational terms'? ™. It is widely used in calculating the
aerodynamic characteristics of airfoils especially for the wind turbines. There are a lot validations of RFOIL, see for
example™ °. In this work, RFOIL is used to correct the airfoil characteristics for very high Reynolds numbers. To be
more precise, RFOIL hasn’t been used to calculate the airfoil lift and drag data for high Reynolds numbers directly,
but instead the existing airfoil data has been used and corrected by adding AC, and AC4 coming from the RFOIL
predictions for the high Reynolds number effects.

In order to evaluate the validity of RFOIL, test data of some airfoils in very high Reynolds numbers is required.
However, the number of available test results for these very high Reynolds numbers together with very low
freestream velocities (i.e. Mach numbers are smaller than 0.3) are quite limited. Most of the tests that are in public
domain are found in old NACA reports coming from 1940’s and 1950’s and performed in NASA Langley low
turbulence wind tunnel (LTPT)?"***". Most of the test results found in the public domain are for very small thickness
values between 6% to 13% for helicopter applications (or for high speed aircraft wings) where the high Reynolds
number characteristics are very sensitive to small variations of the freestream Mach numbers even for very low
Mach numbers'®. In some test reports, on the other hand, the airfoil coordinates are not available. In addition to all
of these, the quality of the published results is another difficulty for the usability of the test results found in the
public domain. There is one particular test performed on modified DU97-W-300 airfoil in DNW cryogenic wind
tunnel in Germany®. In this test, the Reynolds numbers are reaching only to 10x10° which is still lower than the
values of interest, but these tests are the only publicly available test result for that high Reynolds numbers for thick
airfoils. It is found out that usability of these test results in order to characterize purely Reynolds number effects is
somewhat limited. It has been stated in*> ** % during these tests the turbulent intensity of the incoming flow has been
increased. The effects of this change to the test results have been discussed by using numerical prediction methods
in the same references. Such a change in the wind tunnel test conditions to the boundary layer characteristics of the
flow around an airfoil and the transition location are explained in*. In this reference, this phenomenon is called as
pseudo-Reynolds number effects which means the effects which are not related to the change in Reynolds numbers
but related with other conditions. Although RFOIL can still predict such a change in the test conditions relatively
well which is also shown in*> %, this particular test case hasn’t included in the discussion of RFOIL predictions for
very high Reynolds numbers.

RFOIL predictions are compared with test results of 63,018 airfoil test results for very high Reynolds numbers.
This airfoil is a part of NACA 63 family of airfoils that are also commonly used in the wind turbine applications.
Moreover, CFX analysis of NACA 64618 airfoil for 0° angle of attack in three different Reynolds numbers are used
for this purpose. This airfoil is used in the UPWIND rotor at the outboard region of the blades as well as in 20MW
turbine rotor. Since it has been used at the outboard region, it is assumed to have the most important impact to the
rotor design. Therefore, this particular airfoil is selected for this comparison.

Test case for NACA633018 airfoil and CFX setup for the analysis of NACA64618 airfoil are described below:

1. NACA 63018 Airfoil Tests

This airfoil tests was performed in Langley LTPT 3ft x 7.5 ft wind tunnel and the test results that are used in this
study are obtained from'"*¢. The details about the description of the tests and the facility can be obtained from®’. The
lift is measured by taking the difference between the pressure reaction on the floor and the ceiling since the model is
located from one side of the wall to the otherside on 3ft dimension of the test section whereas the drag is measured
by wake survey method. C, and C4 measurements for different angles of attack for a Reynolds number range of 6
million to 20 million is available. However, due to the quality of the provided drag graphs in the publication, it was
impossible to obtain a reliable data for drag comparisons. Instead, another reference’® has been used to compare the
minimum drag characteristics for very high Reynolds numbers and the discussions in these references has been used
to comment on the drag prediction results of RFOIL.

2. CFD Simulations and Analysis Conditions

ANSYS CFX-11.0 is used for this study. It is a commercial CFD code which has been developed for the multi
purpose applications. Within the several features of CFX, only the part related to this study is described here.

The flow around the given 2D airfoil is analyzed by using RANS equations in conservative form solved using
high resolution advection scheme with auto timescale option. The turbulence in the flow is modeled by using
turbulence model. There are several turbulence models are available in CFX. In this study, k —@ based Shear
Stress Transport model developed by Menter? is used which is suggested by CFX. 2D structured CH type meshes
are generated by using ANSYS ICEM CFD mesh generator. In order to the capture the flow in the boundary layer as
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accurate as possible, dimensionless wall distance, y*, is taken as close to 1 as possible which is also checked for
each simulation.

The purpose of these simulations is to find the changes in the force coefficients of the 2D airfoils by changing
the Reynolds numbers. The method is to analyze NACA 64618 airfoil for 3 different Reynolds numbers which are
also used in the rotor design. The change in the Reynolds number can be created by several ways in a CFD solver. If
the air in 25°C is used, then according to the definition of the Reynolds number in the formula below, the change in
Reynolds numbers can be obtained either by changing the free stream velocity or the reference length. Since the
flow is incompressible around the wind turbine sections, this means the Reynolds number change has to be obtained
by only changing the characteristic length. Therefore different meshes are created depending upon the length scale
in each simulation.

Re = Ul
19

For the simulations of each Reynolds number, two different mesh sizes are used. Some parameters are
summarized in Table 1. An example of the mesh and the resolution in the boundary layer is shown in Figure 2 for
the coarse mesh used in 6 million Reynolds number simulations. The convergence criteria for the simulations are the
RMS of the mass, and momentum equations are lower than 10™° which has been found to be more than enough to
have convergence in the drag and lift forces.

REYNOLDS NUMBER 6 x 10° 10 x 10° 20 x 10°

Length Scale (c=unit length) c 2c 4c
Velocity incompressible incompressible incompressible
# of elements in Coarse Mesh 82 000 82 000 82 000
# of elements in Fine Mesh 242 000 242 000 242 000
y' (calculated in the simulation) 1.0<y’<2.0 1.0<y’<2.0 1.0<y’<2.0

Farfield Boundary in the wake 50c 50c 50c
Farfield Boundary in front of the airfoil 30c 30c 30c

Table 1. Some parameters used in the CFX simulations.

Figure 2. Example of a coarse mesh used in the simulations for Re=6 million

B. Rotor Design Methodology

The rotor designs are performed by a BEM based optimization method which is developed by Bot?* %. The
classical Blade Element Momentum theory is coupled with a gradient based optimization method called as golden
search to optimize the geometry of the rotor blade in order to obtain maximum annual yield for a given Weibull
distribution of wind speeds by changing the chord, twist and thickness values of the blade. There are some
corrections applied to the basic BEM formulas in order to deal with the turbulent wake state and root and tip losses.
The correction for the turbulent wake state is based on an engineering model which replaces the thrust coefficient in
the axial momentum equation®*. And in order to deal with the root and tip losses, Prandtl root and tip losses factor is
applied®. In addition to these, 3D corrections are applied to the 2D airfoil characteristics. These 3D corrections are
based on the fact that especially in the root section of the blades due to the radial velocities coming from the
rotational speed the stall is delayed. According to the model developed by Snel*, the radial flow depends on the tip
speed ratio, chord and radial location of the section. The implementation of this effect to the airfoil coefficients is

312 () (dc _
Ciap =C|,20*‘ﬁ’9’(;) '[da »SIn(aaO)C,,ZDj

linear
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1 , 0<a <30,

Where
g= %(1+ cos(6a —180)) , 30 < « < 60,

0 ,60 < o < 360.

According to the method used, the BEM part is used to determine the performance of the rotor according to the
given wind and operating conditions and chord and twist distribution and airfoil information. The optimization
which is coupled with BEM theory maximizes the yield in,

max(yield[p(U), P(U,c(r). 4(r).a(r)))
Where p(U)is given wind regime probability distribution, P(U,c(r),#(r),g(r)) is the power produced according
to the given geometrical information including 2D airfoil characteristics which is stated as g(r). In this process, the

parameters used in the optimization are the local chord and twist angle values and the thickness which is based on
the chord and the airfoil distribution along the blade. The blade geometry of the rotor is optimized according to the
given wind conditions, the tip speed ratio and the rotational speed. In this procedure, for a pitch controlled wind
turbine, the pitch angle is always chosen as the angle which will give the highest efficiency according to the given
wind speed and the rotational speed until the rated wind speed. The rotor torque is already given after the rated wind
speed, thus the pitch angle that gives the required torque is chosen after the rated wind speed. During this
optimization process, the airfoil data or 2D aerodynamic characteristics of the sections are used from the pre-defined
airfoil database. In this database, C, and C4 data of the airfoils for an angle of attack regime of -180 to 180 degrees
are included as well as the relative thickness information. C; and Cy4 values of the airfoils used in this study is
obtained mainly from an external airfoil database which is developed by BOT? called ATG (Airfoil Table
Generator) that includes the wind tunnel test results of airfoils’ aerodynamic characteristics and some airfoil data is
also available for the UPWIND reference wind turbine. The data for the high Reynolds numbers, however, has been
obtained by correcting the existing airfoil characteristics used in the database by using RFOIL predictions for the
difference between the C, and Cq existing Reynolds number and the high Reynolds number .

During this design study, the exact wind conditions, the structural properties and the flexibility of the blades or
the effects of the loads on the design haven’t been considered. The design work is only concentrated on showing the
effect of high Reynolds numbers on the aerodynamic design of 20MW rotor to give the best annual yield.

C. Airfoil databases

In each airfoil database used in this stud, there is C; and Cq4 data for the airfoils used in the UPWIND reference
wind turbine® from -180 to 180 degrees of angles of attack for a range of Reynolds numbers. The lowest Reynolds
number used is 3x10° and the highest is either 7x10°® or 10x10° or 25x10° depending on the database. In the first
database, the Reynolds numbers used are 3x10° and 7x10°. The data for Reynolds number of 10x10° is added to the
first database in order to end up with the second database. And for the last one, the data for Reynolds numbers of
15x10° and 25x10° are included. This classification is shown in Table 2.

Name of
the airfoil | NACA 64618 DU93-W-210 DU91-W2-250 DU97-W-300 DU00-W2-350 DU00-W2-401
database
1. | 7 mil. Re # | Re=3x10° Re=3x10° Re=3x10° and | Re=3x10° Re=3x10° and | Re=3x10° and
DB and 6x10° and 7x10° 7x10° and 7x10° 7x10° 7x10°
2. | 10 mil Re # | Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°,
DB 6x10°, 7x10°, 7x10°%, 10x10° | 7x10°, 7x10°, 10x10° | 7x10°, 10x10°
10x10° 10x10° 10x10°
3. | 25 mil Re # | Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°, Re=3x10°,
DB 6x10°, 6x10°, 6x10°, 6x10°, 6x10°, 6x10°,
10x10°, 10x10°, 10x10°, 10x10°, 10x10°, 10x10°,
15x10°, 15x10°, 15x10°, 15x10°, 15x10°, 15x10°,
20x10° 25x10° 25x10° 25x10° 25x10° 20x10°

Table 2. Properties of the airfoil databases

Reynolds number in 1% database and the higher Reynolds numbers is calculated for the every 0.1 degrees of
angles of attack from the negative stall to positive stall. Finally, this difference is added to the existing C, and Cy4
polars for the highest Reynolds number in the first database. By doing that, instead of using the RFOIL predictions
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directly for the higher Reynolds number data, the RFOIL predictions for the high Reynolds number effects are used.
This method gives more confidence to the predictions. The method is shown in the equation below:

C (a, Re) =C, (a’ RelstDatabase)+ ACI,RFOIL

AC, gron = CI,RFOIL(a’ Re)"” CI,RFOIL(a' RelstDatabase)

I1l. Results

A. Validity of RFOIL predictions for very High Reynolds numbers
1. NACA 635018 airfoil tests

According to the test results for NACA 635018 airfoil, Reynolds number has favorable effect on the performance
of this airfoil. According to the Figure 3, Reynolds number of 9x10° is very well captured with RFOIL as well as
20x10°. For the Reynolds number of 20x10° however, RFOIL slightly underestimates the lift especially for the
angles of attack values larger than 5, including the range up to the post stall angles. In the same figure, the size of
the laminar drag bucket is reduced as expected and explained in the references’*®* and the overall drag for almost
all conditions, except at the edges of the low drag bucket is reduced. However, by only looking at these results, it is
not possible to assess the drag prediction qualitatively. The reason of having more drag with 20x10° Reynolds
number case at about C;=0.3 can be explained by looking at Figure 4. Here, it seems that for Re=20x10° case just
before 0.3 C, the transition point on the suction side is moving to the leading edge more rapidly than Re=9x10° case
with increasing lift. Most probably, the favorable effect of the high Reynolds number in decreasing the boundary
layer thickness is altered by this rapid forward movement of the transition location which increases the boundary
layer thickness after the transition. In Figure 5, although the increase in Cj.x for the Reynolds numbers up to ox10°
Reynolds number is very well predicted, for the higher Reynolds numbers C,.x Seems to be always under-estimated.
Minimum drag is not well predicted according to the test results in the same figure. From 5x10° to 17x10° the
decrease in minimum drag is from 0.00725 to 0.00625 in the tests where RFOIL predicts a decrease from 0.00462 to
0.0040. From another perspective, the decrease in minimum drag is very well predicted from 5x10° to 10x10° but for
higher Reynolds numbers, it is again under-estimated. For Reynolds numbers higher than 20x10°, RFOIL predicts a
slight increase in the minimum drag, but there are no test results to prove this prediction.
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Figure 3. NACA 635018 airfoil characteristics for high Reynolds numbers
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Figure 5. Maximum lift and minimum drag of NACA 635018 airfoil for a series of Reynolds numbers

2. NACA 64618 analysis with CFX

This airfoil is analyzed by using CFX for an angle of attack of zero for 6x10°, 10x10° and 20x10° Reynolds
numbers in fully turbulent case. In Figure 6, CFX analysis results for the pressure coefficient are compared with
RFOIL predictions. Except the trailing edge part, the results from the two software’s are very close to each other.
Also, it is not very clear if Reynolds number has a favorable effect on C, or not. This is not true for the skin friction.
In Figure 7, it seems that the overall skin friction is reduced when Reynolds number is increased from 6x10° to
20x10°. Skin friction value in CFX is obtained by nondimensionalising the wall shear parameter in CFX output by
using the freestream velocity. The same approach is used in the RFOIL calculations as well. Although the skin
friction parameter is very hard to predict, it is promising to obtain very similar results from these two codes.
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Figure 6. C, comparisons of RFOIL with CFX predictions for 2 different mesh sizes for 2 different
Reynolds numbers.
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Figure 7. C;comparisons of RFOIL with CFX for 2 different Reynolds numbers

In the previous two sections, the values of the overall forces haven’t always been very well predicted by RFOIL.

However, the Reynolds effects from lower to higher Reynolds number have almost always under estimated. For this
case, the estimations of the Reynolds effect on the overall force coefficients have been compared with each other.
The differences are calculated by the following relation; where positive difference in C; means a C; increase with

Reynolds number and positive increase in C4 difference means decrease in Cg.

C, @Re=10mil CI @ Re=6mil
AC_ . . =
1@ Re=10mil C
1@ Re=6mil
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Figure 8. C, and C4 changes by increasing Reynolds number are compared with RFOIL and CFX
predictions

According to the Figure 8, 5% change in C, and 16% change in Cq is obtained going from 6x10° to 20x10° by
CFX. RFOIL this time slightly overestimates the increase in C, whereas it predicts similar results for C4 decrease
compared to the CFX results. In these particular cases, the effect of Reynolds number on the force coefficients in the
fully turbulent flow condition is shown. Based on the assumption that CFX has better accuracy in predicting the
effect of high Reynolds numbers RFOIL might overpredict the effect of Reynolds number to the turbulent boundary
layer, when there is no laminar flow and no transition. However, there is no evidence to prove the differences
predicted by CFX to be more accurate than the RFOIL predictions. Therefore, more analysis has to be performed
and compared with test results for that high Reynolds numbers.

B. Corrected airfoil data

All the airfoils used in the UPWIND reference wind turbine blade have been analyzed for a series of Reynolds
numbers in order to fill the airfoil databases used in the rotor design. These Reynolds numbers are given in Table 2.
Correction for each Reynolds numbers are calculated and added to the existing airfoil data to obtain the polars for
the high Reynolds number airfoil data. RFOIL results for the tip airfoil and for a root airfoil are shown in Figure 9
and Figure 10. As a result of such a correction, the stall character of NACA 64618 airfoil hasn’t changed, except the
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maximum stall angle and the absolute values. The difference between the corrected drag curves and the available
one is not as large as in the analysis results; only the overall drag is reduced except a few regions where there is drag
increase. Moreover, in NACA 64618 case, the efficiency has shifted to the higher C, values. In DU00-W2-350
airfoil, Reynolds number has always favorable effect as it is predicted by RFOIL. After the correction, the efficiency
at the higher Reynolds number has only a slight difference because of the decrease in C4 and increase in C,. The rest
of the airfoils in the databases are updated similarly.
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Figure 9. C, and Cq4 graphs for NACA-64618 calculated with RFOIL (top) and corrected with RFOIL
(bottom). The corrections are applied on the existing data which is obtained from UPWIND reference wind
turbine.

The effects of the high Reynolds numbers on some the airfoils are shown here. Now the question is what the
effects of such changes are on the design of a 20MW wind turbine rotor. To isolate the problem from the other
aspects of the rotor design, only the aerodynamic design of the 20MW wind turbine has been performed. UPWIND
reference wind turbine rotor is used for the starting point of the discussions. This rotor is upscaled to 20MW by
using classical upscaling procedures®. 20MW upscaled wind turbine rotor is used as a baseline for the designs and
for the comparisons in this study.
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Figure 10. C,and Cq graphs for DU 00-W2-350 calculated with RFOIL (top) and corrected with RFOIL
(bottom). The corrections are applied on the existing data which is obtained from UPWIND reference wind
turbine.

C. Reynolds Number Effects on 20MW rotor design

20 MW wind turbine rotor design conditions such as tip speed ratio, the wind class, etc. have been taken as the
same as UPWIND reference wind turbine. The parameters used in this study are shown in Table 3. One of the most
important limitation used in the design is to use keep the airfoil distribution constant. This has been chosen in order
to show only the effect of Reynolds number change.

Rated Power [MW] 20

Rotor Diameter [m] 252

Cut-in Wind Speed [m/s] 3

Cut-out Wind Speed [m/s] 25

Rotational Speed [rpm] 0.5-6.05

Max Tip Speed [m/s] 80

Design Tip Speed Ratio 8.5

Maximum Chord [m] 9.2

Airfoil distribution (% of the blade radius): 0-8%: Cylinder

Up to 18%: | Cylinder2 (transit)

Up to 28.2%: | DU00-W2-401
Up to 38.1%: | DU00-W2-350
Up to 41.2%: | DU97-W-300
Up to 50.7%: | DU91-W2-250
Up to 65.9%: | DU93-W-210
Up to 100%: | NACA 64618

Table 3. Design conditions and parameters
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The design by using the first database is called as “Design with UPWIND Airfoils (7 mil)” in which the airfoils
are at 7 million Reynolds numbers. The design by using the second database is called as “Design with 10 mil Re
Numbers”. The design by using the third database is referred as “Design with 25 mil Re numbers”.

An important criterion of the designs studied here is to keep the power performance as high as possible. Since
the cost function in the optimization aims to maximize the annual power production, all of these designs are aimed
to have the maximum Cp. In the normal rotor designs, being cost effective is usually the driving parameter more
than the annual yield alone.

During the rotor designs, the chord distribution at the first 40m of the rotor blade is kept the same as the
reference turbine. The DU airfoils start from this point on. Finding the effects of the Reynolds number changes in
this area is even more challenging since the shapes of the sections here are very thick or even cylinder and the flow
in this part is completely 3D. Also, this part has less contribution to the overall performance compared to the rest of
the blade. In the Figure 11, the chord distributions of the 3 different designs are compared with the Classical
Upscaled 20MW wind turbine. Since the upscaled wind turbine rotor is not exactly in its aerodynamic optimum
design dimensions, the spanwise distribution of the chord values are changed, mostly reduced, in the design by using
the UPWIND airfoil database. The rotor designed by using the 25x10° Reynolds number database, there is a clear
reduction in the chord distribution along the blade which can reach about 1.3 to 1.5 m in the middle sections. If
10x10° Reynolds number database is used, there is some increase in chord values at the tip region where
NACAG64618 airfoils have been used compared to the design with UPWIND airfoils. This shows that for this
Reynolds number regime, the optimum design condition is located in somewhat smaller C, than 25x10° or 7x10°
Reynolds number regimes. This is an expected result due to smaller laminar drag bucket where at this Reynolds
number, the local increase in drag shifts the design condition to the smaller C, values. However, in higher Reynolds
numbers, the larger increase in C, together with larger decrease in Cq4 shifted the design condition to higher C,
values. In the Figure 12, the percentage reductions in chord by using different airfoils are shown. The classical
upscaled wind turbine is taken as a baseline for this comparison. If UPWIND airfoils are used in the design, the
reduction is limited to 5-8 percent whereas the reductions are around 17% if the 25x10° Reynolds number database
is used. In both cases, the reduction in the tip chord is almost 50%. The explanation of that reduction is probably
related with the UPWIND reference wind turbine itself which is based on a 6MW DOWEC design and adapted to a
5MW turbine by reducing the diameter of the rotor®. This means that the original reference wind turbine tip is
already far from the optimum design.

10.000 — Classical Upscaled WT
9.000 nn"”""’"""’*‘ —=— Design with UPWIND Airfoils (7 mil)
8.000 o Design With 10mil Re Numbers
7.000 ,J*rn""‘*n Design With 25mil Re Numbers
E 6.000 )
'g 5.000 %\g\-&.\i
G 4.000 e E——
3.000
2.000 \f?
1.000 &
0.000
0 20 40 60 80 100 120 140
Blade Radius [m]

Figure 11.  Chord distributions along the blade compared for the different designs.

According to Figure 13, the twist in the root and in the middle sections is common in all designs. Increase in
twist at the tip section is again be related with the non-optimum design of UPWIND reference turbine. There is also
slight increase in local twist of the design with 10x10° Reynolds number airfoils as expected from the chord
distribution results. In the 25x10° Reynolds number design, there is no increase at the tip and there is only an overall
reduction in twist. At the tip region, there is no decrease from the classical turbine rotor. The local twist angles are
less than the classical and UPWIND airfoils design but only slightly different than the 10x10° Reynolds number.
This is explained by the shift of the design condition to the higher lift values which gives possibility to operate in
higher angles of attack by having smaller twist in the blade. Since the stall angle also predicted larger in the high
Reynolds numbers, the operating angles of attacks are still far from the stall angle. During the design, there are only
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minor modifications in the absolute thickness distributions of the designs. The largest reduction in the absolute
thickness is obtained from the 25x10° Reynolds number airfoil database which is around 30 to 40 cm as shown in
Figure 14. This decrease has effects on the strength and the weight of the blade and therefore has to be verified

during the design in the real rotor design application.

60

o
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o
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Figure 12.  Reduction in the chord by using different airfoil databases in the design.
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Figure 13.  Twist distributions along the blade compared for the different designs.
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Figure 14.  Absolute thickness distributions along the blade compared for the different designs.

When a rotor is upscaled by keeping the relative speed constant along the blade span, together with the tip speed
and the tip speed ratio, the only difference in terms of the nondimensional aerodynamics comes from the scale effect
which is translated into Reynolds number. Therefore, if there is no change in the local section characteristics of the
blade, the rotor C,, performance will be predicted exactly the same as the smaller rotor. This is why in the Figure 15;
the classical upscaled rotor has as high C, values as the UPWIND reference rotor. The designed rotors are reaching
higher Cp values which are almost 0.5. However, the increase in Cj, is not very significant. The main difference in
the performance is observed in the C,-A curves for different pitch angles which are shown in Figure 16. In the
classically upscaled turbine, in the design condition Cp value is just below 0.49 and higher in the lower A values. C,
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is above 0.48 between A=6.75 and 9. In the design with high Reynolds numbers, the same C,, is obtained in a larger
tip speed ratio range which is between 6.75 and 10.5. It shows that in fact this rotor could operate in larger tip speed
ratios without losing significant performance. Moreover, in the off design conditions of this rotor, it still operates
with a performance which is very close to the design conditions. This gives quite flexibility to the selection of the
operating conditions of such a rotor.

0.6000 —— Classical Scaled (UPWIND 7 mil Re database)
0.5000 | =—— Design with UPWIND Airfoils (7 mil)
. —_—
= Design With 10mil Re numbers
0.4000 .
Design with 25 mil Re numbers
J0.3000
0.2000
0.1000
0.0000
0.00 5.00 10.00 15.00 20.00 25.00 30.00
Wind Speed [m/s]

Figure 15.  Comparison of the Cp performances of the designs.
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Figure 16.  Cp-A curves for classical upscaled rotor and rotor designed with high Reynolds number
airfoil database

IVV. Conclusions and Discussions

Growing trends in the wind turbine rotor sizes introduce very Reynolds humber operating conditions. There are
several effects of the high Reynolds numbers on a design. The airfoils used in the wind turbine rotor applications
haven’t been tested for such high Reynolds numbers, yet. Therefore, the effects of Reynolds number increase on the
airfoil characteristics are predicted by using RFOIL and the existing airfoil data are corrected for the Reynolds
effects by using these predictions. RFOIL usually underestimates the effect of Reynolds numbers according to the
limited comparison results shown and this gives some confidence about the used method. Although a lot of work is
necessary to investigate the effects of very high Reynolds numbers on the design in more detail, some conclusions
on the possible effects on the rotor designs can be drawn from this work. By updating the existing airfoil data using
the RFOIL predictions for the effects of 20-25 million Reynolds numbers, it is possible to have up to 20%
reductions in the chord distributions along the blade due to the shift of the design condition of the airfoils to higher
C, values because of the C, increase and C, decrease. Moreover, the operating conditions of the rotor are spread to a
larger tip speed range which brings a lot of flexibility to the application of these rotors.

However, these results are all based on the used correction methods on the airfoil characteristics. The lack of
very high Reynolds numbers test data for thick airfoils brings uncertainties to the results. Therefore, the results
shown here should be considered as possibilities instead of the real effects of very high Reynolds numbers.

The most important conclusion of this study is the importance of detailed research on very high Reynolds
number effects on the performance of wind turbine airfoils. All of the results presented and discussed here have to
be proven and investigated more by proper wind tunnel tests. In this perspective, high quality wind tunnel
measurements for very high Reynolds numbers are one of the keys to obtain cost effective and reliable wind turbine
designs for off shore platforms.
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