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Abstract

This paper presents unsteady surface pressure variations of a symmetrical NACA0012 section commonly used on
Vertical-axis wind turbine blades. The section was tested at a Reynolds number of 90,000, mean incidence angles of
15" and -15', and a reduced frequency of 0.20. The experimental results show that the airfoil motion had significant
effects on surface pressure distribution over the airfoil, leading to a formation and shedding of an energetic leading
edge vortex which strongly affects the overall airload over the incidence range.
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1. Introduction

The concern about global warming has initiated a renewed interest in renewable energy sources. Wind
energy is one of the sources that play a significant role in electricity production and the use of wind
turbines to supply electricity has grown very rapidly in the last decade [1]. The Thai government itself has
issued a renewable policy and has set a plan to increase wind power capacity to be 800MW in 2022 [2].
Current installation is now at 5.13MW [2]. Different types of wind turbines (horizontal - and vertical-axis)
with different sizes (large- and small-scal€) can be implemented in parallel to meet the target set.

The Darrieus-type (vertical-axis) wind turbine (Fig.1) is attractive in terms of simple blade design and
manufacture. It is also better suited to the urban environment where wind direction rapidly changes asit is
insensitive to wind direction. However, the turbine is commonly believed to be non self-starting [4], [5].
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Nomenclature

o Incidence angle

Cun Normal force coefficient
Cp Pressure coefficient

k Reduced frequency

Re Reynolds number

Fig. 1. An example of a Darrieusrotor [3]

Despite this perception, it has been increasingly reported that the turbine can self-start in even its
simplest configuration of fixed-pitch, straight blades with a symmetrical airfoil section [3], [6], and [7]. A
recent investigation based upon the analogy between the airfoil in Darrieus motion and flapping-wing
flow mechanism has revealed that the airfoil in Darrieus motion is associated with propulsion mechanism
as that is found in flapping-wing system [8], suggesting that the unsteadiness associated with the rotor is
key to resolve the inconsistent findings. It also suggests that the flow over blade rotation can be modeled
by a flapping motion and airfoil dynamic performance obtained from simple pitching motion can be
roughly used to investigate the effects of unsteadiness [9].

Experimental investigations of airfoilsin pitch motion is of interest and had been studied at very high
Reynolds numbers as it was intended for aircraft [10] and helicopter applications [11]. This unsteady data
however cannot be directly applied to the Darrieus rotor analysis as the flow conditions are significantly
different.

One of the most relevant information is the experiments tested by Gerotakos [12]. In his tests, a
NACAQ012 section was tested at a Reynolds number of 135,000 and a reduced frequency of 0.099.
Although this information is useful, it is not sufficient to show how the unsteadiness will actually affect
the Darrieus rotor performance, particularly at alower Reynolds number and a higher reduced frequency.
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This paper further investigates such effects and provides additional performance characteristics at flow
conditions that the Darrieus blades typically experience.

2. Wind tunnel configuration

The wind tunnel used for the investigation was the 0.5m Plint wind tunnel at Durham University (Fig.
2). The wind tunnel testing section was configured to have a sguare cross-section of 457mm x 457mm
with solid sides but open top and bottom to avoid wall proximity effects [9]. The airfoil motion
considered here is a harmonically sinusoidal motion. The motion was generated by the use of crank
mechanism which is powered by a 250W DC motor (Fig. 2).

Fig. 2. Wind tunnel and oscillating system

To suit the test section, the airfoil was designed to have a span of 0.450 m and a chord of 0.11m
resulting in both section H/C ratio and the airfoil aspect ratio having avalue of 4.1. Initial CFD evaluation
confirmed that this test configuration resulted in 2D flow over much of the airfoil’s span whilst retaining
alarge enough cross section to contain the required internal instrumentation [9]. The airfoil was produced
by rapid prototyping from Fullcure 720 material, giving a high surface precision (£0.1mm).

Pressure tappings were located at midspan to measure the nominaly two dimensional pressure
coefficient. The number of pressure tappings was 28 and the pitching axis was located at quarter chord.
All tappings were connected to a 48-channel Scanivalve which was connected to a pressure transducer
and a data logger.

A computer-based system was used to record all signals via an NI USB-6218 ADC consisting of 16
channels with a resolution of 16 hits. This device has a sample rate of up to 250 kS/s. In addition to the
steady-state calibration of the pressure transducers, the system dynamic response was performed to
account the damping effect of the system. This response is taken into consideration using transfer
function correction [13]. Repeatability of the measurements was good with standard deviation of +0.16.
More detail of the experiments can be found in [9].
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3. Experimental results

The dynamic performance characteristics of the airfoil are discussed in terms of unsteady chordwise
pressure distributions and unsteady normal force. Discussion of the Cp distributions over a series of
incidence ranges will be first presented to show how unsteady flow phenomena such as vortex formation
and shedding affect the pressure variations. The overall effect of these flows on aerodynamic loadings is
illustrated in the form of unsteady Cy (obtained by integrating the unsteady surface pressure over the
airfoil chord) over the incidence range.

Since each motion is associated with different flow phenomena, the presentation of unsteady surface
pressure distributions are divided into four cases (Fig. 3).

)

2

©)

(4)

(a) Normal mode with increasing AoA (b) Normal mode with decreasing AoA

(c) Reversed mode with decreasing AoA  (d) Reversed mode with increasing AoA
Fig. 3. Normal and reversed modes of operation

Normal mode with increasing incidence angle - The incidence angle is positive and increasing in
this motion. Flow characteristics associated with this motion are vortex formation and convection
which can be observed by higher-than-normal suction peak at the leading edge and a wave-like
pressure variation along the airfoil chord, respectively.

Normal mode with decreasing incidence angle - In this motion, the incidence range is still positive
but decreasing (pitch-down motion). The primary flow feature associated with this motion is flow
reattachment. The reattachment typically occurs at the leading edge and can be observed from the
Cp variation that beginsto follow the airfoil nose shape.

Reversed cambered mode with decreasing incidence angle - In this mode, the incidence is
negative and decreasing. This motion is mirrored of the first mode and the formation and
convection of dynamic-stall vortex take place on the pressure side.

Reversed cambered mode with increasing incidence angle - The incidence angle increases back to
the neutral position in this motion. The flow will reattach and regain its suction peak as the airfoil
returns to the normal mode.
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3.1. Unsteady pressure variations

Figure 4 presents unsteady surface pressure coefficients for the NACAO012 at ascending incidence
angles of 10" to 20" with a 2" increment at a reduced frequency of 0.20 (4ato 4f). As noted before, this
incidence change is associated with a vortex formation process.
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Fig. 4. Unsteady Cp at areduced frequency of 0.2: normal mode with pitch-up motion
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Fig. 5. Steady Cp of a NACAO012 section

It can be observed that the Cps are fundamentally different from those was found statically where the
suction peak is always around the leading edge of the airfoil (Fig. 4 and 5). Under dynamic conditions,
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the peak pressure (or dynamic-stall vortex) is strong (around -4, double of that was found statically) and
will transverse along the airfoil chord, causing a wave-like Cp curves.

The higher strength of suction peak results in a low rate of convection and the stall is postponed to a
higher incidence angle. The state of full stall occurs at 24" at the reduced frequency of 0.20.

In this normal mode where the incidence decreases (pitch-down motion), the flow is typically
separated and will try to reattach from the leading edge when the incidence angle is sufficiently low.
Figure 6 shows unsteady Cgs at selected incidences of 307, 28", 26°, 20', 10°, and 5 (6a to 6f). It can be
seen that the flow separation (as indicated by the flat Cp curve) persists until the incidence angle is around
10". Thisdelay in flow reattachment, together with the delay of stall during the pitch-up motion, causing a
hysteresisin dynamic loads over the incidence range (will be presented later).

(a) NACA0012: 0.=30 ,k=10.20 (b) NACA0012: 00=28 ,k=0.20 (¢) NACA0012: 0 =26 ,k=10.20
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Fig. 6. Unsteady Cp at areduced frequency of 0.2: normal mode with pitch-down motion

In the reversed camber operation, the suction and pressure sides are reversed (Fig. 7). The
suction peak and formation of dynamic-stall vortex will take place on the pressure side (solid line with
circles).
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Fig. 7. Unsteady Cs at areduced frequency of 0.2: reversed mode with pitch-down motion

It is observed that the maximum suction peak is approximate -5 at a reduced frequency of 0.20 and the
vortex convects along the airfoil at a significantly slow rate (Fig. 7f to 7k), causing the full stall to occur
at -30". This slower rate of convection suggests that the vortex experiences flow conditions that are
different from that of the normal mode.

The difference between these two modes is thought to be a result of the incoming flow. In the normal
mode, the vortex seems to be more diffuse and can be swept away by the incoming flow (Fig. 8). In the
reversed cambered mode the vortex is not significantly affected by the flow and the vortex strength is
nearly constant when travelling along the airfoil chord. Moreover, the incoming flow over the trailing
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edge seems to force the vortex to convect at a slower rate, resulting in imbalance flow behavior on this
symmetrical section.

(a) Normal mode (b) Reversed mode

Incoming flow - Incoming flow \’/ﬂ
¢ more diffuse vortex ¢ less diffuse vortex
¢ Convection rate is partly ¢ convection rate is decreased
increased by the incoming by the incoming flow at the
flow trailing edge

Fig. 8. Flow schematics of normal and reversed camber modes of operation

During pitch-up motion of the reversed camber mode, the flow recovers and the suction and pressure
sides will return to their normal mode of operation (Fig. 9). The flow on the pressure side, as expected, is
fully stalled at the beginning of the pitch-up motion. The pressure regains its peak with increasing
incidence angle.
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Fig. 9. Unsteady Cp at areduced frequency of 0.2: reversed mode with pitch-up motion
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3.2. Unsteady airload

The transient behavior in the four different modes leads to a hysteresis in aerodynamic airload. Figure
10 presents a variation of unsteady normal force coefficient together with its static counterpart (dotted
line).

NACA0012: k=0.20
5 T T T T T
- — —static normal curve
—&— normal—up
normal—down
—s— reversed—down
1| —e—reversed—up

—60 —40 -20 0 20 40 60

Fig. 10. Unsteady airload

It is apparent that, in the normal mode, dynamic-stall formation generated by the airfoil motion
overshoots the Cy to around 2 (solid line with triangles). After the vortex shedding, the Cy drops to
around its static value which continuously decreases during pitch-down motion (solid line with points).

In reversed camber operation, the imbalance flow feature promotes an overshoot of the Cy to around -
2.5 at an incidence angle of 30

4, Conclusion

Unsteady surface pressure variations of the NACAO0012 airfoil at alow Reynolds number and a high
reduced frequency had been investigated in this paper. The results indicate that the unsteadiness caused
by the airfoil motion is significant and related to the formation of energetic leading edge vortex. This
phenomenon leads to an increase in airload and delay of stall which implies that the energetic leading
edge vortex can be exploited to generate an additional force. The existence of this force can be used to
promote the turbine ability to start and to enhance the rotor performance.
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