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Abstract: Flow characteristics of an S826 airfoil at different Reynolds numbers, ranging from
40,000–400,000 (based on airfoil chord length) and angles of attack from −10–25 degrees are
thoroughly investigated in a low-speed wind tunnel. The airfoil’s lift and drag polars are first
measured, and with a focus on pitching the airfoil in upstroke and downstroke orders, static stall
hysteresis is identified in selected experiments at Reynolds numbers below 100,000 near the stall
angle and subsequently investigated. Experiments using wire-generated free stream turbulence
are conducted, and the hysteresis effects are shown to disappear when introducing a free stream
turbulence of less than 2.5%. Further, spanwise flow is detected by comparing lift and drag values
measured using both surface pressure integration at one cross section as well as integral force gauge
measurement, and the surface oil flow visualization technique is subsequently used to study the
3D flow topologies formed on the airfoil. The formation of distinct stall cells on the suction side
of the airfoil is observed at Reynolds numbers above 100,000 near the stall angle. By repeating
the experiments, stall cells are proven to be reproduceable, although the identical geometries are
necessarily not retained in abscence of surface impurities such as tapes. The effect of disturbances on
the stall cells is investigated by utilizing roughness elements on the airfoil surface, and it is found
that while such disturbances tend to change the shape of the stall cells, they do not contribute to the
creation, nor destruction of the cells. Polar and visualisation measurements are also used to study
flow separation, and it is observed that the separation location, as well as the laminar separation
bubble, moves towards the leading edge when increasing the angle of attack.

Keywords: aerodynamics; flow measurement; surface oil flow visualization; stall cells; hysteresis

1. Introduction

The aerodynamics at low Reynolds numbers is of high relevance for the design of small domestic
wind turbines with rotor diameters ranging from 2–7 m, corresponding to rated generator capacities
of 0.3–10 kW. Laboratory-scale rotors and wind turbines used for research purposes (e.g., [1–3])
are other examples of such flow regimes, while the flight of insects and unmanned aerial vehicles
(UAV) are among the more general applications. UAVs are remotely-controlled small aerial vehicles
operating at low chord Reynolds numbers (between 10,000 and 500,000; see [4]). They are used as
play toys in the entertainment industry and as tools for topography inspection. Other examples
of low Reynolds number flows include flows in turbo-machinery blades and micro-air-vehicles [5].
Transitional Reynolds number flows around airfoils are complex in nature and may lead to uncertainties
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in the aerodynamic performance. In order to maximize the efficiency, it is essential to understand the
physics of flows over airfoils at low Reynolds numbers.

Airfoils and lifting surfaces at low Reynolds numbers are often prone to exhibiting a somewhat
challenging behavior owing to the laminar-turbulent transition and separation of the flow, which makes
it difficult to understand the flow features entirely. Where the flow on the suction side of the airfoil
is subject to an adverse pressure gradient, the boundary layer undergoes a transition to turbulence
by the magnification of fluctuations and generation of unsteady vortex structures, followed by flow
separation. This process is referred to as separation-induced transition [5]. The turbulent flow then
re-attaches to the surface and forms a separation bubble (SB). The highly energetic turbulent boundary
layer keeps attached to the surface and withstands the adverse pressure gradients some distance
downstream until the final possible turbulent separation appears at high angles of attack (see [4,6–9]).

The separation bubble is insignificant when the chordwise extent of the airfoil is smaller than
1% (short SB), especially on thin airfoil sections near the leading edge where large pressure gradients
exist [10]. The short SBs can burst and lead to long SBs when increasing the angle of attack or when
decreasing the Reynolds number [11] with the SB spanning a considerable part of the chord. Long SBs
are usually seen on thick airfoils at low Reynolds numbers, as discussed in [5], and can significantly
impact the aerodynamic behavior of airfoils.

Lifting surfaces, such as wings or wind turbine blades, are often designed using two-dimensional
airfoil polars, utilizing a blade element approach assuming little or no mutual influence between the
spanwise-located elements. However, the 2D flow on a rectangular wing produces 3D “mushroom”
structures known as stall cells at high angles of attack due to the periodic spanwise breakdown of
vortices that are created on the airfoil suction side [12,13]. This contradicts the assumption of local
two-dimensionality of the flow. It is also known that the number of vortex pairs increases with the
aspect ratio (span-to-chord ratio) (see [12]) and that the number and location of stall cells can be
different at two different realizations of the same flow condition [14,15].

Due to the impact of such large flow structures on the separation location, understanding the
mechanisms through which stall cells are generated and formed is of crucial importance. The work by
Boiko (1996) [16] contains a detailed qualitative comparison of various findings of the formation of
stall cells. Quantitatively, stall cells have been identified using experimental techniques such as tuft
visualization [14,17,18], particle image velocimetry (PIV) [17,19] and surface flow visualization [12,19].
Due to their intrinsic beauty and physical significance, stall cells have been subject to theoretical and
numerical analyses; see, e.g., [13,20,21]. Broeren et al. (2001) [18] have shown that the formation of stall
cells is related to the separation from the trailing edge, unlike the laminar separation bubble (which is
usually near the leading edge). In a recent research work, the effects of the aspect ratio on the formation
and characteristics of the stall cells were investigated by [22] using a series of Reynolds-Averaged
Navier-Stokes (RANS) and Delayed-Detached Eddy Simulation (DDES) numerical simulations on the
symmetric NACA0012 airfoil. They found deterioration of aerodynamics (lift drop and increase in
drag) associated with the formation of stall cells. They also found that the stall cells appear to have
spacings around 1.4- and 1.8-times the chord length. The extent of spanwise spacings of stall cells
agrees well with other numerical simulations performed on the S826 airfoil [23], suggesting a possible
independence of the stall cell from the airfoil geometry.

Recent wind turbine rotor experiments and CFD investigations [2,24] have suggested that the
airfoil investigated in the current study exhibits a complex flow behavior at the operating Reynolds
numbers in the range from 40,000–200,000. In order to understand the flow physics with respect to
this specific airfoil, we performed a series of numerical and experimental studies [23,25] to provide
accurate tabulated airfoil data as input to the computational tools such as blade element momentum
(BEM) codes and actuator line/disc models. A few articles have recently been published to investigate
some aspects of the S826 airfoil [23,25–27]. However, these investigations are limited to some few
specific cases and do not go into detail of other complexities such as static stall hysteresis and stall cell
formation. This article is an extension of an earlier work ([28]) and aims at presenting more details of
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wind tunnel measurements in order to provide a deeper understanding of the fluid flow phenomena
and the mechanisms in which stall cells are formed. With this in mind, the structure of this article is as
follows: after the current introduction, Section 2 presents the airfoil geometry, as well as experimental
setup. Details of lift, drag and pressure measurements, investigation of stall hysteresis, as well as oil
flow visualization are covered in Section 3, and conclusions from various experiments are drawn in
Section 4. The airfoil data for a wide range of Reynolds numbers and angle of attack are appended at
the end for possible future validation studies.

2. The Experimental Setup

The experiments were performed in a low-speed open-loop wind tunnel as shown in Figure 1a.
The tunnel’s test section measures 1.3 m × 0.5 m × 0.5 m in streamwise, lateral and vertical directions,
respectively, and due to a contraction ratio of 1:12.5, it is capable of delivering a uniform maximum
velocity of U∞ = 65 m/s with a maximum turbulent intensity of about 0.1% [28]. The vertically-mounted
S826 airfoil shown in Figure 1b measures 100 mm in chord and 499 mm in span, leaving 0.5 mm of
clearance between the airfoil and the side walls of the tunnel to minimize wall effects.
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(a) (b)

Figure 1. A sketch of the wind tunnel facility at the Technical University of Denmark. (a) Wind tunnel
and data processing systems; (b) test section.

The wind tunnel is equipped with a one component, full bridge force balance for lift measurements,
a wake-rake for wake and subsequently drag measurement (the latter being based on analysis of
momentum loss and valid at pre-stall attached flow) and multiple pressure taps on sidewalls of the
test section, which can be used to investigate flow uniformity, as well as lift integration. The bottom
of the airfoil is connected to the force gage through a connection rod where the other end can rotate
freely. Two different gages with ±200 N (±0.03 N) and ±20 N (±0.002 N) are used depending on the
magnitude of forces experienced by the wind. The wake-rake, consisting of 32 measuring points, is
mounted x = 1.6c downstream of the airfoil and at a height z = 2.1c of the test object. Airfoil pitching
is performed using a set of JVL MAC servomotor with a resolution of 4096 pulses per revoluttion and
encoder with an accuracy of ±0.01◦. Thirty pressure taps are mounted unevenly over the airfoil at
mid-span and along a 30◦ chordwise line. A static pitot tube is installed at the inlet section of the
wind tunnel to measure the reference pressure and subsequently the free-stream velocity. Pressure
measurements for the airfoil surface and tunnel walls are performed using two sets of PSI pressure
scanners with pressure ranges of ±6895 Pa (±1 psi) and ±2540 Pa (±10 in H2O) and a sampling
frequency of 125Hz for a duration of 10 seconds at each angle of incidence in the upstroke (from −10◦

to 25◦), as well as in the downstroke (+25◦–−10◦) pitching (For experiments at Re> 200,000, the more
sensitive sensor is mounted on the walls as opposed to the airfoil surface to experience lower peak
pressures, and vice versa). The first and last one-second of acquired data for each angle of attack are
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excluded for post-processing to avoid transitional effects, therefore a total of 1000 useable realizations
for each experiment is analysed. The wake-rake and sidewall pressure taps are connected to the same
pressure sensors as those used for the airfoil. The stagnation pressure is then measured in front of
each tube. The airfoil is made of aluminum using Computer Numerical Control (CNC) milling, with a
surface accuracy of ±0.01 mm. Due to the machining limitations, the trailing edge is cut with a finite
thickness of 0.5 mm. Figure 2 shows the location of the pressure taps and the corresponding normal
vectors at each location.
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Figure 2. The CNC-machined S826 airfoil and the pressure tap locations. The points shown by dash-line
are not instrumented and the pressure data is interpolated for these locations based on the neighbouring
pressure tap values.
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Figure 2. The S826 airfoil model and the pressure tap locations. The points shown by the dashed
line are not instrumented, and the pressure data are interpolated for these locations based on the
neighboring pressure tap values.

3. Results and Discussions

3.1. Wind Tunnel Measurement

3.1.1. Polar Measurements

Figure 3 shows the lift and drag polars at different Reynolds numbers. As can be observed
from the figure and the appendices, there is a very small difference between the lift coefficients at
Reynolds numbers above 100,000 at the post-stall angles. It can also be seen that the lift and drag
coefficients corresponding to Re = 40,000 result in different values for increasing (upstroke) and
decreasing (downstroke) the angle of attack. This is due to so-called static stall hysteresis (the ability of
flow to remember its past history). Static stall hysteresis will be thoroughly discussed in Section 3.1.4.
Note that the error bars indicating uncertainties in the measurements are omitted in this figure for
more clarity, but are discussed in the next sections.

3.1.2. Wind Tunnel Correction

The presence of the wind-tunnel walls has an impact on the airfoil measurements in the form
of an increase in the measured lift, drag and pitching moments, due to the velocity increase around
the model. The lateral walls in a 2D airfoil measurement cause solid blockage, wake blockage and
streamline curvature effects, as investigated. The measured polars in this research are corrected
against correction procedures proposed by [29,30], and the lift-drag ratios are plotted in Figure 4.
As can be seen, the effect of tunnel correction is negligible as the test section-to-airfoil area ratio is
adequately large.



Energies 2018, 11, 1418 5 of 21

Figure 3. Measured lift (left) and drag (right) coefficients for the S826 airfoil at various Reynolds
numbers. Lift values are obtained using a force gauge and drag is obtained by integrating the velocity
deficit at the wake rake location. Curves of the same color and angle of attack indicate upstroke and
downstroke pitching. A discrepancy between the same lines, therefore, indicates static stal hysteresis at
the specific angle.

Figure 4. Comparison of the measured lift and drag distributions with and without wind tunnel
correction. Circles show the uncorrected measured data, and stars show the corrected measurement.

3.1.3. Pressure Distribution

Figure 5 represents the pressure coefficient on the suction side of the airfoil for various free stream
velocities, V∞. Here, the pressure coefficient is calculated as:

Cp =
pi − p∞
1
2 ρ∞V2

∞
(1)

where ρ∞ is the freestream density, pi is the static pressure at the i-th pressure tap, p∞ is the static
pressure in the free stream and the denominator is the dynamic pressure calculated as p0 − p∞ with
p0 being the stagnation pressure in the freestream. Each figure contains four curves corresponding
to different measured angles of attack. The standard deviation of the measured signal is also plotted
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on top of the pressure measurement for all cases, and for clarity, only the pressure distributions on
the suction side of the airfoil are shown in the figures (pressure side values do not represent any
significant phenomena). As expected, the suction peak becomes larger with increasing Reynolds
numbers, especially at AoA = 12◦. From Figure 5a, the pressure increases with the angle of attack until
the stall angle. The suction peak also gets larger with the angle of attack. In some cases, a pressure
plateau is observed, indicating a laminar separation bubble. From the standard deviations, it is clear
that the variability of measurements is substantially higher at Re = 40,000, which is due to higher
unsteadiness associated with the flow.

Uncertainties associated with the experiments are also quantified. In comparison with temperature
and density variations and other instrument uncertainties, local flow variability due to wind tunnel
turbulence and blockage effects especially at higher angles of attack are found to be the main
contributors to the uncertainties. Figure 6 shows the standard deviation at each pressure tap and for
each angle of attack for various Reynolds numbers. It is found that the peak of the standard deviation
occurs near the leading edge and around stall angles. Cases at Re = 40,000 generally exhibit higher
uncertainties, especially near mid-chord, which is a result of flow unsteadiness in such cases.

(a) (b)

(c) (d)

Figure 5. Pressure distribution on the suction side of the S826 airfoil at Reynolds numbers Re = 40,000,
100,000, 150,000 and 200,000. The standard deviation is plotted using error bars. (a) Re = 40,000;
(b) Re = 100,000; (c) Re = 150,000; (d) Re = 200,000.
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(a) (b)

(c) (d)

Figure 6. Uncertainty (standard deviation) of surface pressure measurements over the entire range
of angles of attack at Reynolds numbers Re = 40,000, 100,000, 150,000 and 200,000. (a) Re = 40,000;
(b) Re = 100,000; (c) Re = 150,000; (d) Re = 200,000.

3.1.4. Stall Hysteresis

At low Reynolds numbers, the turbulent momentum transport is smaller than the adverse
pressure gradient effect; hence, the momentum flux is not able to close the bubble, and a large
separation bubble, potentially up to the trailing edge, is formed. This is followed by a further increase
in CD and a loss of CL, resulting in a nonlinear behavior in the lift and drag prediction and a strong
hysteresis effect. This effect can be discarded by triggering turbulence near the leading edge (LE)
of the airfoil. To investigate the sensitivity of the airfoil to the hysteresis behavior at low Reynolds
numbers, an experiment has been performed by locating a set of three parallel wires with cylindrical
cross-sections vertically at a distance of 5.5c upstream of the test section to produce a turbulent in-flow
with a small amount of turbulence intensity. To get an accurate measure of the turbulence levels
produced by the wires, they are put in the empty test section, and the turbulence intensity produced
by the wires is measured using a single sensor (5-µm tungsten wire) hot-wire probe, moving on a 1D
traversing system. Figure 7a shows a sketch of the wire configuration used to generate turbulence,
and Figure 7b shows the corresponding turbulence intensities at different locations downstream of the
test section giving the decay of turbulence alongside the tunnel. The empty tunnel without wires is
represented by the markers for U∞ = 22.5 and 30 m/s, and four wires of 1.3 mm, 0.5 mm, 0.3 mm and
0.15 mm in thickness are used for the investigations. To get an idea of what type of disturbance we
are creating using each wire configuration, a simple calculation of the Reynolds numbers is carried
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out and presented in Table 1. In the table, σŪ corresponds to the standard deviation of the empty
wind tunnel velocity, averaged over all measured angles of attack. As seen in the table, the lowest
and highest Reynolds numbers based on wire diameter are 60 and 2600 for U = 6 m/s (chord-based
Reynolds number of Re = 40,000) and U = 30 m/s (chord-based Reynolds number of Re = 200,000).
This corresponds to a range of flow regimes with laminar vortex shedding up to turbulent vortex
streets. As it is not our intention to further examine flow around a cylinder, we refer the interested
reader to other references (e.g., [31]) to gain further insight into flow physics at such Reynolds numbers.
For brevity, the other Reynolds numbers are not shown here.

The turbulence intensities are measured at different downstream locations where a decay of
turbulence can be seen for almost all cases. Thicker wires produce higher turbulence as they correspond
to a higher wire Reynolds number. On the other hand, the turbulence levels are generally higher at
lower velocities due to the quality of the wind in the wind tunnel. Here, we use the results shown in
Figure 7a as an indication of the free stream turbulence generated by each wire at the corresponding
wind velocity in the tunnel (chord Reynolds number). For example, the 1.3 mm-thick wire setup
produces turbulence intensities of 2.28%, 1.93% and 1.85% at wind speeds of 6 m/s (Re = 40,000),
12 m/s and 18 m/s at three chords upstream of the airfoil LE location ( x

c = −3). The turbulence then
decays as particles get closer to the airfoil. At a wind velocity of 6 m/s (Re = 40,000), the wire setups of
0.15, 0.30 and 0.5 mm in thickness produce an added turbulence of 0.14, 0.68 and 1.37%, respectively.
These will be used to quantify the aerodynamics of the S826 airfoil in the following.

Table 1. Approximate Reynolds numbers associated with various wires tested in the wind tunnel.

U [m/s] σŪ Reair f oil
Rewire

D = 0.15 mm D = 0.3 mm D = 0.5 mm D = 1.3 mm

6 0.0057 40,000 60 120 200 520
15 0.0054 100,000 150 300 500 1300
30 0.0063 200,000 300 600 1000 2600
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Figure 7. The effects of wires of various thickness in generating downstream turbulence in the wind
tunnel.

As a first visual assessment of the effect of added turbulence at Re=40,000, flow structures in188
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wire-generated turbulence (D=0mm) and the case with highest wire-generated turbulence among192

Version May 21, 2018 submitted to Energies 8 of 21

and U = 30m/s (chord-based Reynolds number of Re=200,000). This corresponds to a range of flow172

regimes with laminar vortex shedding up to turbulent vortex streets. As it is not our intention to173

further examine flow around a cylinder, we refer the interested reader other references (e.g. [29]) to174

gain further insight into flow physics at such Reynolds numbers. For brevity, the other Reynolds175

numbers are not shown here.176

The turbulence intensities are measured at different downstream locations where a decay of177

turbulence can be seen for almost all cases. Thicker wires produce higher turbulence as they correspond178

to a higher wire Reynolds number. On the other hand, the turbulence levels are generally higher at179

lower velocities due to the quality of the wind in the wind tunnel. Here we use the results shown in180

figure 7(a) as an indication of the free stream turbulence generated by each wire at the corresponding181

wind velocity in the tunnel (chord Reynolds number). For example, the 1.3mm thick wire setup182

produce turbulence intensities of 2.28%, 1.93%, and 1.85% at wind speeds of 6m/s (Re=40,000), 12m/s,183

and 18m/s at three chords upstream of the airfoil LE location ( x
c = −3). The turbulence then decays as184

particles get closer to the airfoil. At a wind velocity of 6m/s (Re= 40,000), the wire setups of 0.15, 0.30185

and 0.5 mm thickness produce an added turbulence of 0.14, 0.68 and 1.37%, respectively. These will be186

used to quantify the aerodynamics of the S826 airfoil in the following.

Table 1. Approximate Reynolds numbers associated with various wires tested in the wind tunnel.
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(a) Wire set-up used. (b) Turbulence intensities alongside the tunnel (C: chord, LE and TE:
leading and trailing edges) with wires in place.

Figure 7. The effects of wires of various thickness in generating downstream turbulence in the wind
tunnel.
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the wake of the airfoil are compared and the wave velocity time series at certain angles of attack189

and at the center of the wake rake (γ/c = 0) as well as average wake velocities behind the airfoil190

are shown in figure 8. Two cases are considered for comparison: the least turbulent case without191

wire-generated turbulence (D=0mm) and the case with highest wire-generated turbulence among192

(a) (b)

Figure 7. The effects of wires of various thickness in generating downstream turbulence in the wind
tunnel. (a) Wire setup used.; (b) turbulence intensities alongside the tunnel (C: chord, LE and TE:
leading and trailing edges) with wires in place.
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As a first visual assessment of the effect of added turbulence at Re = 40,000, flow structures in the
wake of the airfoil are compared, and the wave velocity time series at certain angles of attack and at
the center of the wake rake (γ/c = 0), as well as average wake velocities behind the airfoil are shown
in Figure 8. Two cases are considered for comparison: the least turbulent case without wire-generated
turbulence (D = 0 mm) and the case with the highest wire-generated turbulence among considered
experiments (D = 0.50 mm). It is generally clear that, following the previous literature, adding the
extra turbulence enhances flow attachment, thereby reducing the fluctuating signals. This effect is
more pronounced at α = 6◦ and α = 12◦, where a significant reduction of fluctuations and a smaller
wake are seen by adding turbulence to the flow. A lower drag is therefore expected for the extra
turbulence case due to smaller wake velocities. At α = 0◦ and α = 20◦, the flow is fully attached and
fully separated, respectively. Therefore, no significant impacts of adding the turbulence are seen.

Figures 9 and 10 show the effect of the free-stream turbulence on lift and pressure measurements
at Re = 40,000 and Re = 100,000. The impact of inflow turbulence on the temporal variability of the
pressure measurements is also examined through plotting the error bars shown in both figures. At low
Reynolds numbers, the use of wires results in a higher pressure distribution, which leads to higher lift
coefficients. At α = 12◦, the two wires of thickness D = 0.30 mm and D = 0.50 mm reach an asymptotic
behavior, which means no further changes will occur in the aerodynamics for higher turbulence levels.
However, at Re = 100,000, results obtained using different turbulence levels are very similar as the
hysteresis is almost disappearing at such higher Reynolds numbers. At α = 12◦, no change can be
observed in the aerodynamic values, and for α = 6◦, adding turbulence results in a slightly smaller
separation jump close to the trailing edge (TE). From the lift polars for Re = 40,000, mounting a wire of
D = 0.50 mm at the inlet removes the hysteresis almost completely and results in a rise in the lift curve.
The increase in turbulence intensity, therefore, has a similar impact on the airfoil performance as the
increase in Reynolds number. The general trend of an inverse relation between hysteresis and free
stream turbulence agrees well with the literature (see e.g., [32]).

Figure 8. Instantaneous and time averaged wake velocities showing the effects from added
turbulence. The Reynolds number is 40,000, and the legend indicates which free stream turbulence
cases are being run.
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(a) (b)

Figure 9. Effect of added turbulence in lift coefficients at (a) Re = 40,000 and (b) Re = 100,000,
respectively. Each marker color shows a full circle of measurements at a Reynolds number, while the
hollow and filled circles of the same color represent the upstroke and downstroke pitching, respectively.

(a)

(b)

⇑
⇑

⇑

⇑
⇑

⇑

Figure 10. Effect of added turbulence in pressure distribution at (a) Re = 40,000 and (b) Re = 100,000.
For clarity, the downstroke pitching is not shown. The three points shown by upward-pointing double
arrows on the horizontal axes of pressure distribution subfigures are found by interpolating/extrapolating
the neighboring points, as it was not possible to make measurements at those points due to machining
and size limitations.
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3.2. Identification of Three-Dimensional Flow over the Airfoil

In this paper, lift coefficients have been measured using both integration of surface pressure (Clp)
and through direct reading of the force gauge (Clg). As presented earlier, pressure measurements
have only been performed over an inclined line of pressure taps and not through the entire span;
therefore, assuming an adequate number of pressure tap readings, which is to a high degree the case
in current experiments, a nonidentical lift value given by gauge and pressure measurements is a direct
indication of the three-dimensionality of the flow over the airfoil. A similar argument can be made for
drag measurements using surface pressure integration (Cdp), as well as momentum analysis using
wake rake pressure scanners (Cdw), which happens at a spanwise location other than airfoil pressure
taps. Figure 11 shows such a comparison of lift measurements for Reynolds numbers 40,000 and
200,000. As can be seen, for both cases, there is an inconsistency between both measurements, which
reveals the presence of 3D effects. Further analysis of spanwise flow structures is presented in the
following section.

(a) (b)

Figure 11. Investigation of 3D flow effects: comparison of lift coefficients using pressure integration
(Clp) and force gauge (Clg) at Reynolds numbers 40,000 and 200,000. (a) Re = 40,000; (b) Re = 200,000.

Surface Oil Flow Visualization

In connection with the above observations on the three-dimensionality of the flow, a surface oil
flow visualization (SOFV) technique is used on the airfoil to study flow topology on the suction side of
the airfoil. In order to prepare for the experiments, a visualization mixture with the components as
presented in Table 2 is sprayed on the airfoil surface.

Depending on the angle of attack and Reynolds number, the experimental time is adjusted
for the mixture to dry out. The corresponding figures represent the oil traces at the end of each
test. Subsequently, no time evolution of the flow is considered in this section. Figure 12 illustrates
a visualization of stall cell formation performed in the present research with visible pairs of stall cells
at Re = 160,000 near the stall angle of attack. This case has been chosen here for demonstration as
it resulted in the clearest stall cell patterns. The flow passing from the leading edge (LE) towards
the trailing edge (TE) undergoes a short separation and reattachment and later on separates due
to geometrical constraints and strong pressure gradients. The shape and number of stall cells are
governed by a combination of Reynolds number, the angle of attack and airfoil geometry (including
aspect ratio).
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As presented previously, strong low Reynolds number effects appear at Re = 40,000, particularly
for angles of attack near stall. Figure 13 shows the evolution of the flow for increasing angles of attack
(α = 0◦, 6◦, 12◦) at Re = 40,000. The presence of a laminar separation bubble (LSB) can be detected by
an accumulation of white powder, which is observed for the three angles of attack. It is seen that the
separation and reattachment locations (and hence, the LSB) move upstream towards the leading edge
as the angle of attack increases. This is in agreement with the previous findings (e.g., Figure 5a).

Table 2. Components of the mixture used for surface oil flow visualization (SOFV) (per 100 g of
the mixture).

Material Composition Amount

Titanium dioxide TiO2 9 g
Talcum powder Mg3Si4O10(OH)2 3 g
Kerosene C12H26 40 g
Linseed oil * 16 g
Petroleum C10H16 31 g
Oleic acid C18H34O2 5 drops

Total ≈100 g

* No fixed formula exists for this. Linseed oil can polymerize into a solid form due
to the distinctive reaction between one of its sub-components and oxygen in air. It is
therefore used as a drying oil.
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(a) Re = 40,000 (b) Re = 200,000

Figure 11. Investigation of 3D flow effects: comparison of lift coefficients using pressure integration
(Clp) and force gauge (Clg) at Reynolds numbers 40,000 and 200,000.

leading edge (LE)

trailing edge (TE)

Attached flow

LE Separation and reattachment

Separation line

Disturbance

Stall cells (Separated flow)

Figure 12. Visualisation of stall cells formed over the S826 airfoil at Re = 160, 000 and α = 12◦.

separation and reattachment locations (and hence the LSB) move upstream towards the leading edge246

as the angle of attack increases. This is in agreement with the previous findings (e.g. figure 5(a)).247

Figure 13. visualization of the Laminar Separation (LS) and Reattachment (R) positions for different
angles of attack (α = 0, 6 and 12◦). Top view on a mid-span section of the suction side for Re = 40, 000.

Figure 12. Visualization of stall cells formed over the S826 airfoil at Re = 160,000 and α = 12◦.

Figure 13. visualization of the Laminar Separation (LS) and Reattachment (R) positions for different
angles of attack (α = 0, 6 and 12◦). Top view on a mid-span section of the suction side for Re = 40,000.
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Only portions of the span are presented in Figure 13, as the flow in most cases is two-dimensional
at this Reynolds number; see Figure 14 for the case at α = 6◦. In this figure, the flow is directed from
bottom to top, and the full span is represented by the junction of two pictures showing respectively the
left and right parts of the span. Some wall effects in the form of corner vortices are observed; however,
they do not impact the center of the test section where the pressure measurements were taken.

LE.

TE.

Figure 14. Flow visualization on the suction side at Re = 40,000 and α = 6◦. Flow going from bottom
to top. Two pictures (left and right) are combined to form a visualization along the full span.

The 2D flow characteristics observed at Re = 40,000 for α = 0◦, 6◦, 12◦ and 20◦ somewhat evolve
at higher Reynolds numbers into large 3D structures. This is well visualized in Figure 15. Note that in
order to have the possibility to separate the upper and lower surfaces of the airfoil, for accessing the
pressure gauges, for example, the two surfaces were screwed together, leaving screw holes that can be
treated as surface inhomogeneities or vortex generators, which can consequently initiate the formation
of stall cells. In order to mitigate the effect of these disturbances, all measurements are performed
by covering the screw holes in all experiments using plastic tape, which is a somewhat common
practice. However, to minimize the effect of any disturbances, the airfoil surface holes have been made
completely smooth by applying metal filler, and SOFV is performed for further investigation.
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(c) Re = 100, 000 and α = 12◦: screw holes covered by filler
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Figure 15. The effect of disturbances on the stall cell patterns at α = 12◦. Flow is passing from bottom
(LE) to top (TE).
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Figure 15. The effect of disturbances on the stall cell patterns at α = 12◦. Flow is passing from bottom
(LE) to top (TE). (a) Re = 160,000 and α = 12◦: screw holes covered by tape; (b) Re = 100,000 and
α = 12◦: screw holes covered by tape; (c) Re = 100,000 and α = 12◦: screw holes covered by filler.
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The figure 15 also shows the flow visualizations at α = 12◦ for three cases to cross-compare the
effects of both the Reynolds number and disturbances on the topology of the 3D structure: two cases
with adhesive tape at Re = 160,000 and 100,000 and one case with filler at Re = 100,000. Compared to
Figure 13, it can be seen that the location of the laminar separation and reattachment is now moved
much further upstream towards the leading edge (indicated by the thick white lines at the leading
edge). All cases develop distinct stall cells as well as the so called corner vortices near the wall. The
figures also show that the tape pieces influence the shape of the stall cells; however, this is not the
only reason for the generation of the stall cells (Figure 12 may be used to explain the physics further).
Indeed, stall cells are observed even with the filler. They are present on a smaller portion of the
chord, but their width is similar. As the tape pieces were influencing the flow, the following tests were
performed with the tape filler.

Similar to Figure 13, the effect of the angle of attack is investigated in Figure 16 at a Reynolds
number of Re = 200,000. As can be seen, both cases at α = 0◦ and α = 6◦ exhibit a laminar separation
at about 50% and 40% of the chord, respectively, and a turbulent reattachment at about 80% and
60% of the chord. The laminar separation bubble becomes hence smaller and moves upstream as
the angle of attack increases. However, no sign of stall cells is visible at such low angles of attack.
At α = 12◦, two distinct pairs of vortices are visible in the middle of the airfoil span, and increasing the
angle of attack to α = 20◦ results in the disappearance of the stall cell and the occurrence of leading
edge separation.Version May 21, 2018 submitted to Energies 15 of 21
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Figure 16. Effect of increasing angle of attack on stall cell flow patterns for Re=200,000. Flow is directed
from bottom (LE) to top (TE).
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(d)

Figure 16. Effect of increasing the angle of attack on stall cell flow patterns for Re = 200,000. Flow is
directed from bottom (LE) to top (TE). (a) Re = 200,000 and α = 0◦; (b) Re = 00,000 and α = 6◦; (c) Re =
200,000 and α = 12◦; (d) Re = 200,000 and α = 20◦.
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Figure 17 illustrates the Reynolds number effects on the flow patterns on the airfoil by keeping
the angle of attack constant at α = 12◦. As can be seen, no stall cells are created at Re = 40,000.
At Re = 100,000 and 200,000; however, the patterns of stall cell are clear, and it can be seen that
the strength of the stall cells increases and the vortex pairs near the trailing edge become more
distinguishable as the Reynolds number increases. Another observation is that in Figures 16 and 17, one
can observe corner vortices whose magnitude increases with the angle of attack and Reynolds number.
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Figure 17. Effect of increasing Reynolds number near stall (α = 12◦) on stall cell patterns. Flow is
directed from bottom (LE) to top (TE).
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Appendix A : Lift and drag coefficients of the NREL S826 Airfoil for Re=40,000 to 400,000.332

This section summarises the detailed airfoil lift and drag measurements at various tested free333

stream turbulence values and Reynolds numbers 40,000, 60,000, 80,000, 100,000, 120,000, 150,000,334

200,000, 300,000 and 400,000. The experiment results at Re=40,000 are presented at both upstroke and335

downstroke pitching as a significant hysteresis dominates the aerodynamics.336
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Figure 17. Effect of increasing Reynolds number near stall (α = 12◦) on stall cell patterns. Flow is
directed from bottom (LE) to top (TE).
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Figure 17. Effect of increasing the Reynolds number near stall (α = 12◦) on stall cell patterns. Flow is
directed from bottom (LE) to top (TE). (a) Re = 40,000; (b) Re = 100,000; (c) Re = 200,000.

4. Conclusions

Detailed experimental analysis of the NREL S826 airfoil at Reynolds numbers ranging from
40,000–200,000 was presented in this paper. In particular, surface pressure measurements were carried
out for angles of attack of 0◦, 6◦, 12◦ and 20◦, respectively, and the flow patterns on the suction side of
the airfoil were particularly studied to investigate the creation of separation bubbles, as well as the
formation of the stall cells (mushroom structures) due to the 3D flow separation. The main findings of
the current research are summarized below.

• The NREL S826 airfoil was experimentally investigated and detailed airfoil polars, pressure
distribution, as well as surface flow visualizations were documented for future use as a reference.

• It was found that the separation point moves towards the leading edge when increasing the angle
of attack and Reynolds number.

• Strong hysteresis effects were observed at Reynolds numbers lower than 100,000. The characteristics
of the airfoil for higher Reynolds number flows are somewhat independent of the Reynolds number.

• No stall cells were found at Re = 40,000, but it was observed that increasing the Reynolds number
may result in distinct vortex pairs, which are most visible around an angle of attack α = 12◦,
close to the stall angle.

• Through upstroke and downstroke pitching of the airfoil, static stall hysteresis was found
responsible for some of the complexities of the S826 airfoil at low Reynolds numbers, and a method
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for removing such effects based on inflow turbulence generation was tested successfully. It was
found that the hysteresis strength has an inverse relation with the Reynolds number, and the
effects diminish at Re = 100,000.

• The dependence of the flow patterns on the disturbances on the airfoil surface was investigated,
and it was found that the presence of surface roughness results in more distinct vortex pairs on
the suction side of the airfoil. However, disturbances themselves cannot promote the formation of
stall cells.

• As mentioned in the Introduction, results presented in this article will be applicable to a wide range
of low Reynolds number flows such as domestic and vertical axis wind turbines. Of particular
interest is, nonetheless, the importance of 3D flow aerodynamics near the blade hub where the
Reynolds numbers are smaller due to low speeds. The evolution of root vortices may be affected
by the flow distribution and 3D effects stemming from the formation of stall cells. The interesting
flow features in the root region, which consequently may affect the evolution of tip vortices,
thereby influencing the wake behind turbines, have received little attention in the past, nor have
they been addressed in the present article, but these flows will be studied in future research.

Author Contributions: For this research, H.S. and R.M. conceived of and designed the experiments. H.S.
performed the experiments with contributions from A.F. in flow visualizations. H.S., R.M. and A.F. analyzed the
data. H.S. wrote the paper with contributions from A.F. J.N.S. provided the resources necessary to conduct the
study and contributed to proofreading of the manuscript.
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Appendix A. Lift and Drag Coefficients of the NREL S826 Airfoil for Re = 40,000–400,000.

This section summarizes the detailed airfoil lift and drag measurements at various tested free
stream turbulence values and Reynolds numbers of 40,000, 60,000, 80,000, 100,000, 120,000, 150,000,
200,000, 300,000 and 400,000. The experiment results at Re = 40,000 are presented at both upstroke and
downstroke pitching as a significant hysteresis dominates the aerodynamics.
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Table A1. Lift and drag coefficients for the S826 airfoil at Re = 40,000 subject to different free stream
turbulence values (upstroke pitching). Wind tunnels’ inherent turbulence is not considered here;
therefore, a TI= 0 indicates no wire-generated disturbance.

AoA
Lift Drag

TI = 0% TI = 0.14% TI = 0.68% TI = 1.37% TI = 0% TI = 0.14% TI = 0.68% TI = 1.37%

−9.9 −0.306 −0.302 −0.315 −0.360 0.140 0.145 0.149 0.162
−8.0 −0.459 −0.459 −0.459 −0.477 0.101 0.108 0.122 0.108
−6.0 −0.330 −0.324 −0.327 −0.310 0.052 0.057 0.068 0.070
−4.0 −0.149 −0.140 −0.108 −0.079 0.036 0.042 0.046 0.054
−2.0 −0.159 −0.152 −0.131 0.032 0.041 0.048 0.060 0.063
−1.0 −0.060 −0.052 −0.036 0.192 0.043 0.048 0.061 0.062
−0.0 0.034 0.048 0.062 0.339 0.046 0.057 0.064 0.065
1.0 0.166 0.175 0.172 0.454 0.054 0.062 0.070 0.066
2.0 0.288 0.298 0.280 0.536 0.053 0.063 0.074 0.071
3.0 0.371 0.386 0.384 0.606 0.062 0.072 0.074 0.076
4.0 0.440 0.435 0.421 0.752 0.074 0.084 0.076 0.072
5.0 0.494 0.502 0.482 0.924 0.078 0.085 0.087 0.065
6.0 0.559 0.557 0.550 1.060 0.077 0.090 0.097 0.060
7.0 0.584 0.587 0.615 1.184 0.090 0.099 0.109 0.062
8.0 0.629 0.630 0.720 1.294 0.105 0.116 0.123 0.060
9.0 0.657 0.657 1.343 1.356 0.118 0.129 0.051 0.059
9.9 0.677 0.676 1.348 1.352 0.140 0.147 0.055 0.066

10.9 0.702 0.702 1.341 1.345 0.169 0.175 0.067 0.077
11.9 0.727 0.726 1.325 1.328 0.199 0.197 0.088 0.096
12.9 0.760 0.757 1.306 1.313 0.225 0.221 0.111 0.120
14.0 0.838 0.829 1.290 1.294 0.257 0.262 0.125 0.141
14.9 0.862 0.884 0.907 1.185 0.253 0.244 0.246 0.220
16.0 0.907 0.912 0.909 1.099 0.261 0.252 0.267 0.232
18.0 0.936 0.952 0.939 0.929 0.321 0.323 0.339 0.348
20.0 0.974 0.988 0.972 0.965 0.364 0.385 0.393 0.395
24.9 1.103 1.106 1.114 1.088 0.458 0.461 0.464 0.466
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Table A2. Lift coefficients for the S826 airfoil at Re = 40,000 up to Re = 400,000. The values are measured in upstroke pitching, while those shown in parenthesis for the
low Reynolds number refer to the downstroke pitching. The hysteresis effects become weaker by increasing the Reynolds number and essentially vanish at Reynolds
numbers higher than 100,000.

AoA Re = 40,000 Re = 60,000 Re = 80,000 Re = 100,000 Re = 120,000 Re = 150,000 Re = 200,000 Re = 300,000 Re = 400,000Upstroke (Downstroke)

−9.9 −0.306 (−0.309) −0.263 −0.235 −0.238 −0.243 −0.244 −0.268 −0.295 −0.349
−8.0 −0.460 (−0.463) −0.454 −0.445 −0.441 −0.455 −0.461 −0.467 −0.332 −0.295
−6.0 −0.331 (−0.323) −0.341 −0.347 −0.325 −0.294 −0.270 −0.166 −0.085 −0.093
−4.0 −0.149 (−0.170) −0.070 −0.022 0.048 0.076 0.115 0.158 0.134 0.111
−2.0 −0.160 (−0.145) −0.064 0.015 0.259 0.348 0.354 0.401 0.358 0.326
−1.0 −0.060 (−0.051) 0.062 0.182 0.335 0.414 0.481 0.504 0.459 0.424
−0.0 0.034 (0.044) 0.224 0.368 0.533 0.514 0.539 0.614 0.564 0.525
1.0 0.166 (0.174) 0.315 0.511 0.611 0.608 0.635 0.718 0.660 0.631
2.0 0.288 (0.294) 0.358 0.612 0.718 0.732 0.745 0.831 0.769 0.735
3.0 0.372 (0.376) 0.399 0.583 0.842 0.858 0.849 0.952 0.862 0.841
4.0 0.441 (0.443) 0.451 0.586 0.947 0.959 0.965 1.037 0.947 0.940
5.0 0.494 (0.503) 0.510 0.599 1.055 1.075 1.099 1.108 1.056 1.038
6.0 0.559 (0.563) 0.563 0.660 1.176 1.185 1.201 1.211 1.171 1.135
7.0 0.584 (0.595) 0.624 1.222 1.266 1.275 1.278 1.287 1.254 1.225
8.0 0.630 (0.622) 1.312 1.330 1.326 1.331 1.332 1.326 1.286 1.276
9.0 0.657 (0.654) 1.363 1.353 1.334 1.319 1.308 1.298 1.314 1.303
9.9 0.678 (0.674) 1.345 1.306 1.273 1.258 1.250 1.235 1.315 1.298
10.9 0.702 (0.696) 1.321 1.259 1.228 1.215 1.199 1.183 1.242 1.231
11.9 0.727 (0.987) 1.299 1.227 1.196 1.182 1.161 1.143 1.183 1.165
12.9 0.760 (1.060) 1.273 1.201 1.172 1.156 1.137 1.123 1.131 1.114
14.0 0.839 (0.826) 1.221 1.182 1.150 1.136 1.115 1.102 1.078 1.055
14.9 0.862 (0.876) 1.000 1.208 1.126 1.113 1.091 1.058 1.025 0.987
16.0 0.908 (0.910) 0.998 0.913 0.908 0.992 1.043 1.007 0.977 0.956
18.0 0.937 (0.939) 0.944 0.954 0.954 0.950 0.950 1.064 1.068 1.166
20.0 0.974 (0.971) 0.981 0.983 0.989 0.993 0.995 1.107 0.930 0.945
24.9 1.103 (1.103) 1.130 1.152 1.165 1.170 1.168 1.168 1.013 0.985
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Table A3. Drag coefficients for the S826 airfoil at Re = 40,000 up to Re = 400,000. The values are measured in upstroke pitching, while those shown in parenthesis
for the low Reynolds number refer to the downstroke pitching. The hysteresis effects become weaker by increasing the Reynolds number and essentially vanish at
Reynolds numbers higher than 100,000.

AoA Re = 40,000 Re = 60,000 Re = 80,000 Re = 100,000 Re = 120,000 Re = 150,000 Re = 200,000 Re = 300,000 Re = 400,000Upstroke (Downstroke)

−9.9 0.141 (0.143) 0.140 0.140 0.142 0.143 0.142 0.148 0.170 0.175
−8.0 0.102 (0.101) 0.128 0.130 0.134 0.130 0.133 0.130 0.087 0.086
−6.0 0.053 (0.054) 0.053 0.054 0.052 0.050 0.047 0.038 0.026 0.026
−4.0 0.036 (0.038) 0.029 0.028 0.033 0.029 0.021 0.019 0.016 0.013
−2.0 0.042 (0.042) 0.046 0.047 0.035 0.029 0.025 0.019 0.013 0.011
−1.0 0.043 (0.042) 0.053 0.046 0.034 0.026 0.023 0.017 0.012 0.011
−0.0 0.047 (0.048) 0.053 0.043 0.029 0.026 0.022 0.017 0.013 0.011
1.0 0.054 (0.055) 0.055 0.042 0.030 0.025 0.022 0.018 0.013 0.011
2.0 0.054 (0.053) 0.058 0.044 0.029 0.025 0.022 0.018 0.014 0.012
3.0 0.063 (0.062) 0.064 0.059 0.030 0.026 0.022 0.019 0.015 0.013
4.0 0.075 (0.078) 0.070 0.068 0.031 0.026 0.024 0.019 0.015 0.014
5.0 0.078 (0.075) 0.078 0.079 0.031 0.027 0.024 0.020 0.016 0.014
6.0 0.078 (0.082) 0.088 0.088 0.034 0.028 0.024 0.017 0.016 0.015
7.0 0.091 (0.094) 0.108 0.032 0.028 0.022 0.020 0.024 0.014 0.013
8.0 0.105 (0.102) 0.035 0.025 0.021 0.027 0.030 0.029 0.020 0.019
9.0 0.119 (0.121) 0.029 0.033 0.035 0.035 0.034 0.034 0.027 0.025
9.9 0.141 (0.142) 0.040 0.041 0.047 0.053 0.056 0.066 0.033 0.032
10.9 0.170 (0.172) 0.051 0.057 0.076 0.088 0.101 0.112 0.062 0.060
11.9 0.200 (0.103) 0.069 0.085 0.111 0.125 0.134 0.139 0.111 0.111
12.9 0.226 (0.102) 0.093 0.105 0.139 0.148 0.155 0.155 0.144 0.143
14.0 0.257 (0.255) 0.118 0.133 0.163 0.173 0.177 0.182 0.179 0.178
14.9 0.254 (0.260) 0.249 0.150 0.190 0.206 0.209 0.219 0.214 0.221
16.0 0.262 (0.261) 0.268 0.295 0.291 0.274 0.225 0.248 0.247 0.242
18.0 0.322 (0.322) 0.330 0.336 0.341 0.342 0.343 0.300 0.291 0.270
20.0 0.364 (0.374) 0.372 0.376 0.376 0.376 0.379 0.326 0.430 0.402
24.9 0.459 (0.459) 0.459 0.452 0.451 0.450 0.446 0.448 0.379 0.369
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