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Abstract

This research describes aerodynamic characteristics of
small-scale wind turbine blade, called Archimedes spiral
wind turbine blade. Numerical approaches on the prediction
of aerodynamic performance of the blade have been
conducted. Both steady and unsteady state numerical
simulations using ANSYS CFX are performed on the
several cases of rotating speeds. Large scale tip vortex is
captured and graphically addressed in this research. In order
to proving the results of numerical simulation, Particle
Image Velocimetry (PIV) has been used to measure the
aerodynamic characteristics of the Archimedes spiral wind
turbine blade. Detail velocity vector fields around the blade
are obtained and compared to those predicted by the steady
and unsteady state CFD analysis. Mean velocity profiles are
in a good agreement between experiment and unsteady state
CFD analysis, the trajectory and magnitude of tip vortices
generated by the blade are identified from the PIV results.

1. Introduction

In order to secure energy supply and cope with climate
change, GHG (Green House Gas) emission reduction,
biodiversity protection, renewable technologies
development, energy conservation, and efficiency
improvements have become the world’s growing consensus.
Among all renewable resources, wind energy has been
proven to be a relatively matured technology and has
tremendous potential in commercialization and mass
production. Today the major application of wind power is
electricity generation from large grid-connected wind farms
[1]. With the expansion of power grid and the reduction of
electricity scarce areas, small-scale wind turbine has now
been applied in fields such as city road lighting, mobile
communication base stations, offshore aquaculture and sea
water desalination in several countries [2].

In this research, the special design originates from the
Archimedes’ screw [3]. Certainly, there is another thing
inspires the design of the Archimedes spiral wind turbine:
the Archimedes spiral, which known as the arithmetic spiral.
The Archimedes spiral has the property that any ray from

the origin intersects successive turnings of the spiral in
points with a constant separation distance. The Archimedes
spiral was used as a better way of determining the area of a
circle. The spiral improved an ancient Greek method of
calculating the area of a circle by measuring the
circumference with limited tools. The spiral allowed better
measurement of a circle’s circumference and thus its area.
However, this spiral was soon proved inadequate when
Archimedes went on to determine a more accurate value of
Pi that created an easier way of measuring the area of a
circle [4].

In 2009, Timmer and Toet updated the Archimedes wind
turbine model, which was built by the selective laser sinter
method, and carried out a fundamental research to explore
its potentials and find an optimum of its power output [5].
The highest efficiency measured in these circumstances was
12%. Effects created by an angle of 20 degrees or more,
were positive to its efficiency. The measured air resistance
coefficient laid around 1.3. Most likely this is the coefficient
of the support system. Some air is pushed outward. Because
of the air resistance of brake-engine, that was placed in the
middle of the swept area. This pushed out air lowers the
measured net efficiency. This should be examined later on.
Shortening the model appears to have a positive effect on its
efficiency.

There have been no tests performed with the actual size
Archimedes wind turbine so far. Recently, Lu et al. [6]
developed a design method of the Archimedes spiral wind
turbine blade and performed a numerical simulation using
ANSYS CFX vl12.1. The radius of the 0.5kW class
Archimedes wind turbine was 0.75m. The TSR-C, diagram
shows a typical parabolic relation in which the maximum
efficiency of the blade approximately 25% exists at
TSR=2.5.

In the present study, an experimental study is conducted
to find out the aerodynamic characteristics and evolution of
the tip vortex structures in the near wake of the Archimedes
wind turbine model installed in an open type wind tunnel.
The steady and unsteady CFD simulations on the
Archimedes wind turbine are also conducted to test the
capability as a design tool for the wind turbine. In addition,
aerodynamic characteristics surrounding the wind turbine
blade is investigated by using a PIV measurement system.



The focus of this research is on quantifying the evolution of
the tip vortex properties and velocity distributions,
including mean velocities and instantaneous velocities. This
research will let us understanding the turbulent wake
structures more deeply.

2. Numerical and experiment methods
2.1. Numerical method

2.1.1. Governing equation

Computational Fluid Dynamics (CFD) is a computer-
based tool for simulating the behavior of systems involving

fluid flow, heat transfer, and other related physical processes.

It works by solving the equations of fluid flow (in a special
form) over a region of interest, with specified conditions on
the boundary of that region.

CFX, one of the analysis programs on fluid mechanics
of CFD, which is idealized according to Reynolds Averaged
Navier-Stokes Equation and the Finite Volume Method of
Governing Equation. The SST (Shear Stress Transport)
model has been used in order to predicting the separation of
flow accurately [7]. So that, the Continuity Equation and
Momentum Equation are shown as:
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Here, B is the total body force, , . is the effective

viscosity coefficient.
The Transport Equation of SST k-® model can be shown
as:
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Here, Gk is the generation of turbulent kinetic energy

for the mean velocity gradient, and G, is shown as the

NS
SO
CoE

A

o
Fok
B
A
O avavaT )

I\
N
N

21
i
s
]
&1
ok
I
A

<
K
KN

Fig. 1. Meshing of rotating and stationary domain

Fig. 2. Boundary condition setup on CFX-Pre

generation of accumulation rate. For | I A each

of them is shown as the effective diffusivity and turbulence
dissipation of k and .

2.1.2.  Mesh generation

All CFD problems are defined in terms of initial and
boundary conditions. It is important that the user specifies
these correctly and understands their role in the numerical
algorithm. In transient problems the initial values of all the
flow variables need to be specified at all solution points in
the flow domain. Fig. 1 shows that a grid established at
preparation phase including flow domain in order to
computing the shape of blade on CFX. It separates the grid
into the entire domain of using MFR (Multiple Frames of
Reference) method, rotating domain of spiral blade and
static domain of imaginary wind tunnel simulation. The grid
number is about 292,935 on rotating domain, and about
50,106 on static domain, in total it consists of 343,041 grids.

2.1.3. Boundary condition

Grid make up by ICEM CFD and were established on
CFD-Pre with analysis boundary condition is shown as Fig.
2. The size of imaginary wind tunnel is 0.4m x 0.4m x 1.5m,
and let the boundary type is opening. In this simulation, we
choose three cases to predict the aerodynamic characteristics
with inlet wind velocity are 3.5m/s, 4m/s and 4.5m/s;
rotating velocity are 300rpm, 400rpm and 500rpm,
respectively. Three sharing surfaces of rotating and static
domain applied the conservative interface flux for mass and
momentum, and calculate the inlet and outlet air flow
through boundary surface naturally. Using GGI (General
Grid Interface) since the nodes inconformity on the
boundary surface, and using physical value interpolation to
adhere another node, the frame change model used frozen
rotor.

2.2. Experiment method

PIV measurement was employed to acquire detailed
flow information [8]. The experimental model of the
Archimedes wind turbine blade is 1/10 scaled down model
of 0.5kW wind turbine designed in our previous research [6],
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Fig. 3. Experimental setup for PIV measurement

so that the outer diameter of the model is 150 mm. The
model was manufactured by a Rapid Prototyping method.
As shown in Fig. 3, the Archimedes wind turbine blade was
set behind the outlet of small-scale boundary layer wind
tunnel; the blade was located at 100mm from the wind
turbine exit. The attack wind profiles were measured at the
tip of blade. And the outlet cross section of the wind tunnel
is 300 mm by 300 mm, twice as the blade’s diameter. That
means there has enough space to investigate the evolution of
aerodynamic characteristics and near wake structures. The
PIV system was used to measure the velocity component in
2D plane from horizontal stream-wise (x-y plane). A U
wave mini-YAG laser was used as the light source. The
laser beam was transformed into a light sheet using
cylindrical and spherical lenses. The field of view for
velocity field measurement is about 150 mm by 120 mm

corresponding to the CCD resolution of 1280 by 1024 pixels.

A digital 12bit CCD camera (PCO Sensicam qe camera)
fitted with 60mm lens was setup vertically under the
Archimedes wind turbine to capture particle images in x-y
planes. The mean velocity field was obtained by the
conventional two frames cross correlation technique with 64
by 64 interrogation window size and 50% overlap. A total of
2000 instantaneous velocity fields were used to compute the
ensemble averaged velocities, the turbulence intensities and
Reynolds shear stresses. The vorticity can be calculated by
the instantaneous velocity vectors, and by using a total of
2000 realizations instantaneous PIV measurements, the
distribution of ensemble averaged vorticity field can be
obtained [9].

3. Results and discussion
3.1. Results from CFD analysis

3.1.1. Steady state simulation

To investigate the results of aerodynamic characteristics,
from left three figures of Fig. 4 to 6, it is shown that the
computed ensemble average velocity fields of the overall
flow field on the central of the Archimedes spiral wind

distribution in steady state simulation (3.5m/s and
300rpm)

Fig. 5. Ensemble average velocity field and pressure
distribution in steady state simulation (4m/s and 400rpm)

Fig. 6. Ensemble average Velci field and resse
distribution in steady state simulation (4.5m/s and
500rpm)

turbine at three different wind speeds, characterized by
contours and vectors of velocity. Remarkably, that is the
details of flow behavior that can be obtained at small wind
velocities. Actually, the contours shown in these figures
correspond to the turbulent wake state. For wind turbines
effects occurs when the wind changes speed or direction, or
when the rotor is subject to blade pitching actions. The
highest velocities are seen at the inner outermost of the rotor
in the domain. And because of the spiral effect, the
velocities from the leading end become more and more
quickly at the inner side of each level blades. There was a
recirculation zone with lower speeds between each blade’s
spiral sectors. It can also be seen clearly that the incoming
airflow was blocked by the hub cone and the rotor. A
circular accelerating zone existed behind the rotor, which
resulted in low pressure near the wall of rotating domain.
Behind the hub of the rotor, a low-speed region was formed
indicating the wake region. As expected, they show
geometrically the airfoil with the more twisted angle at the
root than the one at the tip. Graphically the longer arrows
around the tip on the plots demonstrate that the incoming
flow was faster at the tip than at the root. The three plots
also suggest that the flow was much slower at the center
than the edge. This suggests the stronger flow near the tips
of blades would be very beneficial as the flow drives the
blade with a longer moment arm.
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Fig. 7. Phase-locked ensemble average results in
unsteady state simulation (3.5m/s and 300rpm)

Right three figures of Fig. 4 to 6 show that evenly
distributed surface pressure on the pressure side of the rotor;
these were achieved by twisting the blade gradually more
towards the tip. The differences were just around 3 Pa
between the root and the tip, but on the suction side, the
differences were much bigger, the pressures were over 15
Pa (even over 20 Pa at 4,5m/s wind speed) lower at the tip
than the root. Therefore the pressure difference between the

two sides at a section increased towards the tip of each blade.

3.1.2.  Unsteady state simulation

Fig. 7 shows the phase-locked ensemble averaged results
for 3.5 m/s wind speed and a rotating speed of 300 rpm is

representative of this case. A vertical visualization plane (X-
Z plane) has been used through the core of the blade. And it
is possible to see the variation in the strength of the tip
vortex structures as the rotor blades find themselves at
different phase angles from 0° to 360°, with interval of 36°.
Fig. 7(a) illustrates the onset of the tip vortex structure on
the leading edge separation with the boundary layer
beginning to detach from the blade. Fig. 7(b) shows the
enhance of the tip vortex structure, which in Fig. 7(c) the
core area of the tip vortex becomes more and more clearly
and moves downstream, at last the tip vortex has been get to
peak and separate from the blade, which was shown in Fig.
7(d). Fig. 7(e) shows that a newly tip vortex structure is
building up, and will repeat the phenomenon. From Fig. 7(f)
to Fig. 7(j), there was another evolution of tip vortex
structure appeared in the upper side of the blade, and moves
upstream, similar with the downstream one. The phase-
locked ensemble average results in 4 m/s and 4.5 m/s, and
the rotating speed were 400 rpm and 500 rpm respectively
are similar tendency with the results that shows in Fig. 7. In
unsteady state, the maximum value of velocity can be seen
at the inner outermost and the tip vortex core of the rotor in
the domain, such as shown in the results of steady state
cases.

3.2. PIV measurement results

The results of ensemble averaged PIV measurement of
all instantaneous fields are shown on Fig. 8(a) to 8(c). Here,
one can see the incoming air flow can be found to decelerate
significantly when it flows across the wind turbine blades.
And obviously, it can be seen that the incoming wind speed
is much higher than that of local wind speed under blade’s
rejection. So that, it shows that the position of the kinetic
energy of the airflow associated with the velocity deficits
has been harvested by the wind turbine. The deformation of
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Fig. 8. Ensemble averaged velocity field near blade tip
(a: 300rpm and U,, = 3.5m/s; b: 400rpm and U,, = 4m/s;
¢: 500rpm and U,, = 4.5m/s)



flow tube surface is clearly seen due to the tip vortices. It
should be noted that there is a large scale vortex structure,
which results from a separation behind the blade. The
investigation of the time series of instantaneous velocity
fields show that there is a fluctuation in the position of the
cores of the tip vortices. These fluctuations produce a
reduction of vortex intensity when the average values are
calculated from the instantaneous fields. The analysis of
near rotor wake shows that the blade is a major source of
disturbances and unsteady aerodynamic effects. This is due
to the spiral shape of the blade. The effects of the rotation
speed and wind speed, which means the tip-speed-ratio, of
the wind turbine model on the aerodynamic characteristics
in the wake were also surveyed. The three PIV experiment
results show that they have a similar wake flow mark, and at
the same time those contours show that the only differences
were just from the comparison of the plots at different tip-
speed-ratios. It is obvious that the velocity reductions in the
wake region with relatively low tip-speed-ratio are found to
be much smaller than that the case with relatively high tip-
speed-ratio.

3.3. Comparison of PIV measurement and CFD
simulation

To compare with the results of CFD simulation and PIV
experiment, the line data of ensemble averaged velocity
fields have been selected from the blade tip vortex core to
the boundary. In Fig. 9, the comparison of PIV and CFX
with 300rpm and wind velocity is 3.5m/s. It seems that wind
velocity of experiment is higher than that in CFD, and at
beginning, there is a downward tendency that reflects the
situation from upstream to downstream through the core of
tip vortex structure. Reading those responses on ensemble
averaged velocity field of PIV measurements, it is found
that as the relative lower incoming airflow, the tip vortex
structures and wake velocity is easier to be influenced
because the spiral-shaped blade. And at lower tip-speed-
ratio, the influenced region is more widely than higher
conditions. At that time, the results of PIV and CFX have a
similar trend distribution in Fig. 9. From Fig. 10 and 11, the
results are similar with each condition. The flow was mainly
attached and only separated at the core of tip vortex. It
means that the downstream mean velocity in the core of tip
vortex of PIV is lower than that in the CFX simulation.
Around the boundary sections of PIV or unsteady state CFX
are similar with each other, especially under 500rpm. In case
of the incoming wind velocity is 4.5m/s condition, in this
case, the PIV result is in good agreement with unsteady state
CFX result. By comparison of the ensemble averaged
velocity field and pressure field, because the low pressure
area of the suction side gradually moved to the blade tip
edge, when the dynamic pressure is less than adverse static
pressure, the flow cannot stay at the blade any longer, and
the boundary layer would separate, then the separated vortex
would form. After that the main separated vortex is further
increased and the affected region is even larger. The
comparison of the PIV measurement with CFD numerical
simulation show that the vector diagram nearly agreed with
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Fig. 9. Comparison of PIV and CFX (steady and
unsteady state) results (300rpm and U,=3.5m/s)

Fig. 10. Comparison of PIV and CFX (éteady and
unsteady state) results (400rpm and U,=4.0m/s)
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Fig. 11. C‘omparison of PIV and CFX (steady and
unsteady state) results (500rpm and U,=4.5m/s)

each other, especially in the shape and the vector trend, as
well as the position and size of the tip vortex.

Generally, the flow is explained three governing
equation: continuity, momentum, energy. In the case of
unsteady state analysis, continuity equation and energy
equation are same equations of steady state flow. But
unsteady term is consisted of viscous and inertial term.



Momentum equation is normalized by characteristic length,
characteristic velocity, and characteristic time. In unsteady
state, when the air flow passes the blade, the flow has to
accelerate to pass the blade surface. As the air continuous
passes the wind turbine blade, it will create a low-pressure
area on the tip of the blade because the wind across this area
will have higher velocity. But the steady state cases have
differences from unsteady state that is due to the fact that
steady state simulation does not change the relative position
between the blade and incoming airflow. And for the region
behind blade, due to the fact that Multiple Reference Frames
techniques still employs certain steady state assumption to
speed up the calculation and thus the initial relative position
will still have influence on the following iterations.

4, Conclusions

In this research, the PIV technique is used for velocity
exploration in the near wake of the Archimedes spiral wind
turbine blade. Both steady and unsteady simulations of CFD
were carried out at the same conditions of experiments. The
aerodynamic analysis was carried out after measurements
made it possible to obtain the velocity field in the complete
plane. Through analysis and comparison, the following
conclusions are obtained:

1) When there is no drag torque, the pure blade’s
rotating speed is influenced by inlet velocity, and the
predicted blade’s rotating speed approach 500rpm while the
inlet velocity is 4.5m/s.

2) The inner low speed section rotated the same turning
direction of the blade. The relative velocity of the flow is
closed zero to the blade.

3) The analysis of the obtained results shows the
interaction between the mean flow at the rotor downstream
and the induced velocity due to the tip vortices.

4) Measurements revealed the presence of important
vortex structures downstream the hub and near the root of
the blade. Some instability of the helical tip vortices is also
noted. Because of these fluctuations, the instantaneous
velocity field is very rich with information.

5) Due to the PIV experiment, the preferable
information of the blade flow under different wind velocity
of attack is obtained, which would be very helpful to
improve the performance and the design method of
Archimedes spiral wind turbine.

6) Unsteady CFD simulation results agree well with
those of PIV experiments than the steady state simulation.
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