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Abstract Investigating laminar separation over the turbine
blade of a horizontal-axis wind turbine (HAWT) has been
considered an important task to improve the aerodynamic
performance of a wind turbine. To better understand the
laminar separation phenomena, in this study, the aerody-
namic forces of a SD8000 airfoil (representing the sec-
tional blade shape) in the steady-state conditions were first
predicted using an incompressible Reynolds-averaged
Navier—Stokes solver with the y—Reg, and k—k; —w transi-
tion models. By comparing simulation and experimental
results, the k—k; —w transition model was chosen to simu-
late the laminar separation on three-dimensional (3D) tur-
bine blade. Experimentally, a HAWT with three blades was
then tested in a close-circuit wind tunnel between the tip
speed ratios (TSRs) of 2 and 7 at the wind speed of 10 m/s.
In addition, through computational fluid dynamics, the
turbine performance and flow characteristics on the blade
as blade is rotating were investigated. It is shown that 3D
simulations agreed well with the experimental results with
regard to the mechanical power of the HAWT at the testing
TSRs. Moreover, the separation and reattachment lines on
the suction surface of the turbine blade were also observed
through the skin friction line, indicating that laminar sep-
aration moved toward the trailing edge with the increasing
TSR at the blade tip region.
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Introduction

Wind energy has been considered as one of the most
promising renewable energy sources. Recently, focus has
been placed on the small-scale horizontal-axis wind turbine
(HAWT) with low Reynolds numbers due to its potential
for residential electricity generation. In order to have the
optimal power output from the wind turbine system, it is
necessary to improve on the design of turbine blade and
examine the aerodynamic performance of the blade. Small-
scale wind turbines operating at low Reynolds numbers
suffer from laminar separation bubbles (LSBs) due to their
blade size or low wind speeds.

LSB is a flow phenomenon occurred at low Reynolds
numbers between 50,000 and 200,000 has and have been
shown to exhibit negative effects to aerodynamic perfor-
mance (Lian and Shyy 2007; Swanson and Isaac 2010),
such as decrease of lift force, increase of drag force,
vibration, and noise experimentally observed on the two-
dimensional (2D) airfoil. The formation of LSB results
from the strong adverse pressure gradient, making the
laminar boundary layer separate from the airfoil surface.
Many flow control techniques, such as turbulators, plasma
actuators (Huang et al. 2006), and Gurney flaps (Byerley
et al. 2003), have been applied to prevent the occurrence of
separation. LSB may occur on the blades of small HAWTs
since they operate at low Reynolds number region. The
turbine performance would be severely affected because of
the reduction in lift-to-drag (L/D) ratio. In addition,
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observing the LSB phenomenon is relatively difficult due
to the rotation of the turbine blade. It is hence important to
improve our understanding of laminar separation on the
HAWT blades.

The LSB phenomenon has been studied experimentally
(O’Meara and Mueller 1987) and numerically on 2D air-
foil. The flow along the boundary layer separates due to an
adverse pressure gradient of sufficient magnitude (Sch-
lichting and Gersten 2003). Observing and summarizing
the positions of separation and reattachment points and the
thickness of the bubble for this flow phenomenon using
experimental methods in different Reynolds numbers and
airfoil types were the main research direction. O’Meara and
Mueller (1987) found that the LSB on NACA665-018 air-
foil decreased in length and thickness as the Reynolds
number was increased, and that a linear relationship existed
between the bubble thickness and the total bubble length.
Geng et al. (2012) and Sharma and Poddar (2010) observed
the LSB and the transition process on NACA2414 and
NACAOQO015 airfoils. They concluded that the separation
point moved towards the leading edge of the airfoils as the
angle of attack increased.

Recently, computational fluid dynamics (CFDs)
approach has been widely applied for investigating low
Reynolds number aerodynamic characteristics. For exam-
ple, direct numerical simulation approach has been used for
investigating the LSB phenomenon on the upper surface of
an airfoil (Rist and Maucher 2002; Shan et al. 2005;
Sharma and Poddar 2010; Singh and Sarkar 2011), which
captures the details of flow separation, detached shear
layer, vortex shedding, and reattachment of the boundary
layer. In addition, Reynolds-averaged Navier—Stokes
(RANS) simulations are popular to predict cases with rel-
atively complex geometries and flows. The k—¢ and k-
turbulence models have been applied to various industries,
including renewable energy, environment, and aerospace
(Bassi et al. 2005; Menter 1994; Richards and Hoxey 1993;
Shih et al. 1995; Stapleton et al. 2000). The flow fields in
these applications can be laminar, transition or turbulent.
To obtain the accurate flow structure in the region of
transition, appropriate simulation model has to be selected.

Transition models have been developed, such as y—Reg,
transition and k—k; —@ transition models. The y—Reg, tran-
sition model is based on k—w SST transport equations
linked with two additional transport equations: One is for
the intermittency y and the other one is for the transition
Reynolds number Rey, (Menter et al. 2004; Malan and
Suluksna 2009). It is difficult to compute the general three-
dimensional (3D) flows, such as a turbine blade sidewall
boundary layer. The k—k;—w transition model is based on
the solution of three additional transport equations, tur-
bulent kinetic energy (k), laminar kinetic energy (ki ), and
turbulent specific dissipation (w), as described by Walters
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and Leylek (2004). This model has been successfully
implemented the investigations of LSB. The positions of
separation and reattachment points were observed on
NACA2415 airfoil between the angles of attack of —10°
and 20° at Reynolds numbers of 0.5 x 10°-3.0 x 10°
(Geng et al. 2009, 2011, 2012). As angle of attack
increased, the points of separation and transition moved to
the leading edge. As Reynolds number decreased, short
bubble breaks at higher angles of attack and this results in
long bubble to occur (Geng et al. 2012). In these studies,
both k—k;—w and k—w SST transition models accurately
predict the location of separation bubble (Geng et al.
2009).

CFD technique has also been applied to visualize the
flow structure around the blade of wind turbines. Digraskar
(2010) carried out the flow visualization using CFD with
the k—w SST and Spalart—Allmaras turbulence models over
the NREL Phase VI wind turbine rotor in which the sec-
tional blade shape of the turbine blade consists of NREL
S809 airfoil. Bechmann et al. (2011) also carried out CFD
investigation using RANS method on MEXICO rotor
blade, which consists of DU91-W2-250, RISOE A21, and
NACA64418 airfoils along its blade section. Langtry et al.
(2006) developed a correlation-based transition model
based on two transport equations to validate the model for
predicting transition on wind turbines. The fully turbulent
and transitional computation of both 2D S809 airfoil and
3D wind turbine rotor were successfully simulated. Pape
and Lecanu (2004) observed the flow field around the
turbine blade using the compressible elsA Navier—Stokes
solver, showing that the 3D flow field has massive flow
separation around the turbine blade due to the radial cen-
trifugal force. Previous studies indicated that as the Rey-
nolds numbers are within the transition region, LSB occurs
on 2D airfoils, the main component of turbine blade.
Studying the laminar separation on a rotating HAW'T blade
becomes significant for improving the aerodynamic per-
formance of HAWTs.

In this study, firstly, 2D simulations of the flow around a
SD8000 airfoil are performed using the k—» SST and the
y—Reg. models. The results were compared with experi-
mental data for validation purposes. The lift and drag
coefficients between the angles of attack of —6° and 20°
were examined at the Reynolds number of 1 x 10°. The
agreement of 2D simulation and experimental data leads to
the selection of the transition model for 3D simulation.
Then, an untwisted and untapered HAWT with three blades
was tested in a closed circuit wind tunnel for measuring the
mechanical power output at wind speed of 10 m/s. The 3D
simulation was validated by comparing the results with
wind tunnel experiment, and this allowed us to examine the
flow structure around the turbine blade and investigate the
laminar separation phenomenon.
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Methods
Experimental set up

The experiment was performed in a closed-circuit wind
tunnel with two test sections which belong to the Archi-
tecture and Building Research Institute in Taiwan. The test
section is 36.5 m long and the cross-section dimensions are
4.0 m wide x 3.6 m high. The rotor blockage ratio,
defined as Ay/A,,, was 5.5 %, i.e., less than the 10 % limit
(Spera 1994). Figure 1 (left) shows the HAWT system
inside the wind tunnel test section.

Test model

In order to validate the 3D simulation, a baseline variable-
speed HAWT with three blades was tested in the wind
tunnel described above. The blades were made of engi-
neering plastic, acrylonitrile—butadiene—styrene, and the
blade profile was the SD8000 airfoil. The radius of blade
and the chord length are 0.50 and 0.09 m, respectively. The
pitch angle of the blade is set to be 0°.

Measurement equipment

A pitot-static tube was installed upstream of the wind
turbine in order to measure the free stream velocity. The
maximum wind speed of the wind tunnel was 30 m/s, and
the turbulence intensity was less than 0.35 % between wind
speeds of 5 and 15 m/s.

A torque sensor was mounted on the main shaft between
the turbine and the generator in order to measure the
mechanical torque, as shown in Fig. 2 (right). This technique
has been applied by many researchers. (Hirahara et al. 2005;
Hsiao et al. 2013; Kang and Meneveau 2010). In order to

Front view Side view

i

Fig. 1 The aerodynamic performance measurements on HAWT
system inside the wind tunnel test section

Outer flow region

Boundary layer
flow region

(b)

Fig. 2 The mesh domains for a 2D SD8000 airfoil, and b 3D HAWT
blade

acquire the values of mechanical torque at various rotational
speeds, a high-current DC electronic load module (DCELM)
was used. If the circuit load is adjusted by the DCELM, the
rotational speed of the turbine blade will also be changed.
Therefore, the signals of rotational speed for the turbine
blade need to be detected by the proximity switch. Only the
DC signal was analyzed in this experiment, and a diode
bridge circuit was used to convert the AC to fluctuating DC.

The data acquisition in voltage outputs from these sen-
sors was taken care of by National Instrument (NI) USB-
6008 12 bit AD converter, and the data including
mechanical torques, voltages, currents, wind speeds, and
rotational speeds were measured and collected using NI
LabView. The mechanical power and power coefficients
were then calculated based on the measured data.

Experimental conditions
Torque and thrust of the turbine blade were integrated by

the lift and drag forces on the blade sections. The lift and
drag are available as functions of the angles of attack and
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the local Reynolds numbers (Rey, the Reynolds number at
each blade section), which are defined as

ve Vi
Re, = Cavg relp, (1)
u

where c,,, is the average chord length of each blade sec-
tion, p is the air density, u is the absolute viscosity, and Vi
is the relative wind speed which consists of wind speed (V)
and rotational speed (w). In addition, the V., includes the
effects of axial (a) and angular (a') induction factors rep-
resented as

Vi = /IV(1 = @) + [Ro(1 + )] 2)

The rotational speed has a relationship between the radius
of blade (R) and the wind speed called tip speed ratio
(TSR):

R
TSR = -2 (3)
%

The local Reynolds numbers with different TSRs are cal-
culated based on the procedures described in authors’
previous studies (Bai et al. 2014, 2016) using ¢,z =
0.09 m, V=10 m/s, p = 1.225 kg/m®, u = 1.79 x 107>
Pa s, and R = 0.50 m, and the TSR is chosen between 2 to
7. Table 1 shows the average Reynolds numbers (Re,y., the
Reynolds number for the entire blade) determined under
these conditions.

Numerical approach

In this study, an incompressible Navier—Stokes solver was
applied to predict the aerodynamic characteristics of a 2D
SD8000 airfoil and a 3D baseline HAWT blade of the same
profile. All 2D and 3D simulations were performed via the
commercial software FLUENTTM, and the second-order
upwind spatial discretization was used. The resulting sys-
tem of equations was solved using the SIMPLE coupled
solution. The convergence criterion was satisfied to be
below 107" in all dependent variable residuals.

Table 1 Reynolds number distributions between the tip speed of 2
and 7 at wind speed of 10 m/s

Tip speed ratios Average Reynolds numbers

2 66,359
3 71,852
4 78,903
5 87,133
6 96,242
7 106,003
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For the 2D simulation, the jy-Reg transition model
(Malan and Suluksna 2009) and k—k; —w transition model
(Walters and Leylek 2004) were used at the Reynolds
number of 1 x 10° and the angles of attack between —6°
and 20°. The boundary conditions were velocity inlet,
pressure outlet, and wall boundary. The values of
p=1225kg/m® =179 x 107> Pasand Tu = 0.1 %
were used for air density and air dynamic viscosity and free
stream turbulence (Selig et al. 1995). The c-type structured
grids for the 2D airfoil were created using the GAMBIT
software as shown in Fig. 2a. Because of the computational
demand, the grid independence study is limited to the 2D
case for angles of attack of 6° and 10°, including the lift
and drag coefficients.

In the 3D case, only the k—k; — transition model was
used. For the boundary conditions, it is noted that the wind
tunnel walls were ignored, and computations of a free
turbine blade were carried out. Only one of the turbine
blades was explicitly modeled in the computations,
exploiting the 120° symmetry of the three-bladed turbine.
The simulation used the moving reference frame (MRF)
function of FLUENT™ to simplify the assumptions of
steady-state flow conditions. Like 2D simulation, boundary
conditions such as the velocity inlet, pressure outlet, and
viscous wall boundary were considered. The values of the
air density and air dynamic viscosity are identical to the 2D
simulation. A free stream turbulence intensity was chosen
as Tu = 0.35 %, which is same as the wind tunnel
experiment performed in this study. The grid was generated
using GAMBIT™ and was divided into three parts: first,
the boundary layer flow region is around the turbine blade
in order to resolve the transitional boundary layer, and the
wall coordinate y+ of the first point away from the wall
surface was set to be 1 based on the 2D grid system. Next,
the inner flow region is composed of the unstructured grids
with the triangle elements. Finally, the outer flow region
extends to the three sides of the inner flow region with the
structured grids. The mesh domain of the 3D turbine blade
is shown in Fig. 2b. The total cell numbers of 3D simu-
lation are 3,509,920. The 3D simulation results of the
mechanical power were compared with the experimental
data obtained from the wind tunnel experiments.

Results and discussion

In our previous work (Bai and Hsiao 2010; Hsiao et al.
2013), an in-house code for predicting the aerodynamic
performance of a HAWT was developed. This code utilizes
2D airfoil data to calculate the sectional aerodynamic loads
of the turbine blade along with the modified axial and
angular induction factors. In this study, the simulation code
was also used to calculate the distributions of the angles of
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attack in each blade section between the TSR of 2 and 7 at
the wind speed of 10 m/s as shown in Fig. 3.

2D validation

Different-sized grids with 14500, 28500, 31800, 48300,
and 52000 cells were examined to ensure the grid inde-
pendence of the numerical results, which were compared
with the experimental data obtained from wind tunnel test
(Selig et al. 1995). The comparison between numerical and
experimental results at angle of attack of 10° and Reynolds
number of 1 x 107 is presented in Table 2. It can be seen
that, with the various grid sizes, the relative errors of the
lift and drag coefficients are within reasonable range.
Therefore, the grid size with 31,800 cells was selected for
all 2D computational domain.

To resolve the boundary layers, the height of the first
layer of the grid around the airfoil surface was set to be
1.75 x 107> m, corresponding to y+ = 1. For this reason,
the results of lift and drag coefficients for the SD8000
airfoil at the angle of attack of 10° were examined using
the k—k;—» and y—Req transition models presented in
Table 3. By comparing with experimental data (Selig et al.
1995), k—ki—w transition model provides more accurate
prediction for lift and drag coefficients.

Observation of streamline on the upper side of the airfoil
was also implemented via both models at the angle of
attack of 10° and y+ = 1, as shown in Fig. 4. It can be
seen clearly from the k—k;—m transition model results
(Fig. 4a) that the LSB characteristics including separation
and reattachment points occurred close to leading edge. On
the other hand, in the results obtained from y—Reg, transi-
tion model (Fig. 4b), no LSB was found on the surface of
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Fig. 3 Distributions of angles of attack in each blade section between
tip speed ratios of 2 and 7 at wind speed of 10 m/s

the blade. According to the published literatures, a LSB
should form at this Reynolds number (Gen¢ et al.
2009, 2011, 2012; Menter et al. 2004; O’Meara and
Mueller 1987). Therefore, we concluded that the prediction
of flow characteristics on the upper surface using the k—k; —
o transition model is closer to the real flow condition.

Figure 5 shows the lift and drag coefficient variation
with angles of attack for the 2D simulation. The simulation
results are compared with the experimental data obtained
from wind tunnel experiments (Selig et al. 1995). The
numerical results for the steady-state flow from the k—k; —w
transition model and the y—Regq, transition model were also
shown in Fig. 5. It can be seen that both models for the lift
coefficient gave reasonable agreement with the experi-
mental data between the angles of attack of —6° and 1°. At
angles of attack between 1° and 2°, the lift coefficients
presented in the experiments increased suddenly. It seems
that the LSB formed at the angle of attack of 2° (O’Meara
and Mueller 1987). Therefore, a slight error for predicting
lift coefficient occurred between the angles of attack of 2°
and 10° with the y—Regq, transition model. The lift coeffi-
cient is successfully captured at those of angles of attack
using the k—k;—c transition model. As the curve of lift
coefficients goes to the stall region (o0 = 11°-20°), the y—
Reg, transition model fails to predict the lift coefficient. The
trend of the lift coefficient in the stall region was predicted
well via the k—k; —w transition model, but the simulation
results were slightly higher than the experimental data. The
transient simulation results from k—k; — transition model
were almost identical with the ones in steady-state flow at
the angles of attack between 11° and 20°.

The discussions on drag curves are divided into three
parts: first, at the angles of attack between —6° and 4°, the
errors for predicting drag coefficients were within 10 % for
both numerical models. Second, the simulation results
within the angles of attack of 5° and 14° do not match the
experimental data through the k—w SST turbulence model,
but the results from the k—k; —w transition model still gave
good agreement with the experimental data. Finally, both
models fail to predict the drag curves in the stall region.
According to the experimental data, after the angle of
attack of 15°, there is a discontinuity on the drag coefficient
curve, which is difficult to be predicted without particular
user-defined function (Geng et al. 2009, 2011). As with the
lift coefficient predictions, the drag values obtained via k—
ki —o transition model for the transient flow were almost
the same as the ones for steady-state flow at the angles of
attack between 11° and 20°.

Experimental results

Figure 6 shows the variation of mechanical power with
respect to the TSR between O and 7 at the wind speed of
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Table 2 Comparison of

simulation and experimental Cases G C, relative error (%) Cq C4 relative error (%)
results for grid independence 14,500 Cells 1.376 25.1 0.0688 49.6
study 28,500 Cells 1222 11.1 0.0544 183

31,800 Cells 1.065 32 0.0459 0.2

48,300 Cells 1.066 3.1 0.0461 0.2

52,000 Cells 1.065 32 0.0459 0.2

Experiment 1.100 0.046

Table 3 Evaluation of the features of the two turbulence models for
2D SD8000 airfoil at the angle of attack of 10°

o= 10° C Error (%) Cq Error (%)
Experiment data 1.10 0.046

k—k —w 1.065 32 0.0459 0.2
y—Reg 1.006 8.6 0.0527 14.5

10 m/s obtained from the simulation and the wind tunnel
experiments. The values of mechanical power increased
with TSR from O to 5.5, at which the maximum mechanical
power was 117 W. After TSR of 5.5, the mechanical power
decreased to 75.8 W with TSR of 6.8. It is known from
Fig. 1 that the turbine blades operate at very high angles of
attack from TSR of 2 to 5 at the wind speed of 10 m/s. The
turbine blade produces less mechanical power when it
operates at the stall region. The mechanical power starts
decreasing from TSR of 5.8 as the L/D ratio begins
decreasing.

CFD simulation results
Power production

All 3D simulations were implemented by the k—ki—w
transition model. Due to the steady-state flow conditions in
the MRF, the 3D simulation cases can be implemented by
the k—k; —o transition model with the state-steady flow. The
results of mechanical torque were obtained with TSR of 2—
7 at wind speed of 10 m/s. The values of mechanical torque
can be converted to mechanical power for comparing with
the experimental data by

P, = m@, (4)

where the o is rotational speed and T, is the mechanical
torque.

The comparison of experimental and simulation results
are shown in Fig. 7. Note that the comparison at TSR of 7
was made with an extrapolation of the experimental power
curve.
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Fig. 4 Velocity magnitude contour on the 2D SD8000 airfoil at 10°
angle of attack a k—k;—w transition model and b y—Req, transition
model. Streamlines are also shown on the contour plots
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Fig. 5 Numerical and experimental results for the a lift and b drag
coefficients of the SD8000 airfoil at Reynolds number of 1 x 10

It can be seen clearly from Fig. 6 that the simulation
results of the mechanical power have a good agreement
with the experimental data at TSRs of 4, 5, 6, and 7, and
these cases will be further examined with regard to laminar
separation. The simulation results at TSRs of 2 and 3 are
slightly higher than the experimental data. Because the
turbine blade was operating at the stall region (o = 18°-
45°) with the transient effects in flow field, the flow was
fully separated on the upper blade surface. The flow con-
dition becomes unsteady, and it is difficult to make precise
predictions within this region.

Flow characteristics around the blades
Figure 7 displays the skin friction lines on the suction

surface of the turbine blade at various TSRs. The phe-
nomenon of laminar separation, including separation and
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Fig. 6 Comparison of mechanical power values obtained from
experiments and simulations at wind speed of 10 m/s

reattachment, was clearly observed on the blade surface at
the TSRs between 4 and 7. The radial flows move toward
trailing edge before the separation line. The recirculating
flows move from reattachment line to separation line.
Combination of the radial and recirculating flow generates
a vortex in the separation region (Herraez et al. 2014), and
this vortex results in the pressure difference on the blade
surface at certain rotational speed and makes the fluid
particles diffuse from the turbine blade root to the tip. At
TSR of 4, the flow separated along the leading edge at the
range between 7/R = 0.82 and 0.20. With the increasing
TSR from 4 to 7, the separation lines gradually moved to
the trailing edge from the leading edge. When TSR reached
to 7, the separation line was almost at 70 % chord length of
the tip region, and the range of leading edge separation is
reductive between /R = 0.2 and 0.25.

Observations of the reattachment lines shown in Fig. 7
can be divided into two parts: first, the attachment line
moves backward to the trailing edge with increasing TSR
between /R = 0.56 and 1.0. At the TSRs of 6 and 7, the
attachment lines were close to the trailing edge. At the
local radius between /R = 0.20 and 0.56, the reattachment
lines gradually move toward leading edge with increasing
TSR. As TSR increases, the reattachment lines seem to be
pushed to the trailing edge by the moving separation lines
at the local radius from /R = 0.47 to 0.95. It is concluded
that the laminar separation was pushed to the trailing edge
while increasing TSR at the tip region of the blade. This
phenomenon can be attributed to the stronger tip vortex
when TSR is increased. The tip region is affected as angle
of attack was reduced.
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Fig. 7 Limiting streamline distributions on the turbine blade suction
surface at wind speed of 10 m/s

Figure 8 shows the streamlines passing over the 2D
airfoil and the 3D blade section performed at TSR of 6.
Three blade sections, including /R = 0.91, 0.47, and 0.29
with the angles of attack of 20°, 13°, and 7°, respectively,
are displayed for the observation of laminar separation. The
angles of attack for 3D blade sections were computed using
BEMT method (Hsiao et al. 2013), which calculates the
angles of attack in each section by iterating the axial
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induction factor and angular induction factor. As shown in
Fig. 8a, the laminar separation at the local blade section of
r/R = 0.91 is close to the trailing edge. Comparing to the
3D simulation, the position of the laminar separation on 2D
airfoil is near the leading edge. Since the 3D analysis is
simulating the rotating turbine blade, the centrifugal force
acting on the separated flow, which is proportional to the
square of rotational speed, becomes the largest contributor
for this position difference (Herrdez et al. 2014). At the
local blade section of #/R = 0.47, as shown in Fig. 8b, the
separation point is located at the leading edge for 2D airfoil
but moves to approximately 10 % chord length from the
leading edge for 3D blade. As the angle of attack was
increased to 20° (/R = 0.29), fully separation occurred for
2D airfoil and the laminar separation existed closer to the
leading edge compared to the previous cases, as shown in
Fig. 8c. The laminar separation moving from leading edge
to trailing edge with the increase of blade radius also
results from the effect of centrifugal force (Chaviar-
opooulos and Hansen 2000; Herrdaez et al. 2014). This
effect also reduces the size of LSB from the 2D analysis to
the 3D one. In addition, the Coriolis force which acts on
radial flow leads to the laminar separation toward trailing
edge. These effects result in delay of separation on the
suction surface of the blade.

Figure 9 presents the locations of the separation points
on the suction surface of the 2D airfoil and 3D turbine
blade at the TSR of 6 and at the angles of attack of 7°, 13°,
and 20°. The non-dimensionalized chord length, c,/c = 0,
represents the leading edge and c,/c = 1 represents the
trailing edge, where c; is the local chord length and c is the
chord length. It is shown that the separation points move
toward leading edge with the increase of angle of attack.
For the 3D analysis, the separation point is near to the
trailing edge (c,/c = 0.67) at the angle of attack of 7°. All
the locations of separation points in the 3D analysis are
different from the 2D analysis due to the centrifugal force
from the rotating behavior.

Conclusions

This study investigates the laminar separation at the upper
surface of a rotating HAWT blade numerically and
experimentally. Firstly, the agreement of 2D simulation
with experimental data for the prediction of lift and drag
coefficients of SD8000 airfoil suggests that the k—k;—w
transition model is an appropriate choice for observing
laminar separation on 3D turbine blade. Second, the 3D
CFD simulation agreed well with wind tunnel experiment
at the TSRs from 4 to 7 and at the wind speed of 10 m/s,
and the maximum mechanical power was measured to be
117 W at the TSR of 5.5. The observation of the separation



Experimental and numerical studies on the performance and surface streamlines on the blades...

479

Fig. 8 The investigations of
laminar separation on the
turbine blade suction surface at
ar/R =0.91,br/R =047, and
¢ r/R = 0.29 and the 2D airfoil

and reattachment lines on the suction surface of the turbine
blade at various TSRs reveals that the laminar separation
moves toward the trailing edge with the increasing TSR in
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the blade tip region. In addition, the vortex generated by
the radial and recirculating flow in the separation region
results in the pressure difference on the surface of the blade
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Fig. 9 Locations of separation points in 2D airfoil and 3D turbine
blade at the TSR of 6 and wind speed of 10 m/s and at the angles of
attack of 7°, 13°, and 20°

and forces the flow to diffuse from the blade root to the tip.
It can be clearly seen that the laminar separation occurred
on the rotating turbine blade through the observation of the
streamlines passing over 2D airfoil and 3D blade sections.
Due to the contribution of the centrifugal force, the LSB
moves from leading edge to trailing edge with the increase
of blade radius, and this also results in the delay of sepa-
ration on the suction surface of the blade at each local
radius.
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