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Abstract: A numerical investigation of the two-dimensional flow over a
NACA-0012 wing section is conducted at Reynolds number of 79,900 over
a range of angles of attack between zero and 40 degrees. The performance
of different turbulence models in terms of capturing flow separation and
transition, and vortex shedding at 40 degrees is determined. Three turbulence
models, namely the Spalart-Allmaras (SA), modified Spalart-Allmaras, and
Reynolds stress transport model and a simulation without a turbulence model
(laminar flow) are conducted. The results show that the lift and drag
coefficients predicted by the Spalart-Allmaras model are in good agreement
with experimental data; with small differences over angles of attack larger than
25 degrees. The Reynolds stress transport model and laminar flow calculations
predict vortex shedding from the leading and trailing edges and formation of a
vortex street in the wake. On the other hand, simulations using the
Spalart-Allmaras and modified Spalart-Allmaras models do not predict such a
vortex wake and that may be due to over-diffusion of shed vortices. Power
spectral densities of the unsteady lift, drag and velocity are used to determine
flow characteristics and their relation to the forces.
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1 Introduction

Airfoil aerodynamics in the stall and post-stall regimes exhibit complex aspects that are
strongly dependent on the Reynolds number and angle of attack. This is especially true in
the low Reynolds number regime between 10* and 3 x 10° where the flow exhibits
separation, transition to turbulence of the separated shear layer and potentially vortex
shedding depending on the angle of attack. These aspects are of utmost importance when
optimising the performance of blades of propellers and wind turbines or wings of micro
and unmanned air vehicles. The complexities are further pronounced when considering
dynamic variations in the angle of attack as in the case of insect and bird flight, flapping
micro-air vehicles (Ghommem et al., 2012; Zakaria et al., 2014; Taha et al., 2014), in
determining flight boundaries and for the purpose of energy harvesting (Zakaria et al.,
2015a), lift enhancement (Zakaria et al., 2015b, 2016, 2017) or prediction of dynamic
stall (Mittal and Saxena, 2000). Noteworthy also is the fact that these variations are
further amplified when considering operational conditions such as high turbulence
intensities (Lee and Markus, 1976; Wang et al., 2004). Vortex shedding from airfoils in
the low Reynolds number regime has been noted in several experimental studies. Huang
and Lin (1995) observed vortex shedding in the flow over a NACA-0012 airfoil at angles
of attack beyond 15 degrees. Using the classifications of Huang and Lin (1995) and Lee
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and Huang (1998) of laminar, subcritical, transitional and supercritical vortex shedding,
Rodriguez et al. (2013) concluded that the flow over a NACA-0012 at Re = 5 x 10* is
characterised by incoherent vortex shedding (transitional mode) when the angle of attack
is 9.25 degrees and more coherent vortex shedding (supercritical mode) at 12 degrees.
Coherent structures and vortex shedding were also observed in this range of Reynolds
number in the flow over a NACA-0018 airfoil at angles of attack below 10 degrees by
Yarusevych and Boutilier (2011) and over a NACA-0025 airfoil at an angle of attack of
10 degrees by Yarusevych et al. (2009).

Experimental measurements and numerical simulations of the lift and drag forces and
wake characteristics of the flow over airfoils in the low Reynolds number regime at stall
and post stall angles of attack have not been as extensive as flows at low angles of attack.
Lee and Huang (1998) determined that the variation of the Strouhal number with the
Reynolds number is different at high angles of attack than at low angles of attack. Zhou
et al. (2011) presented data of mean and fluctuating forces on a NACA-0012 airfoil over
a broad range of angles of attack up to 90 degrees at Re = 5,000 and 50,000. Alam et al.
(2010) performed experiments on the flow structure in the wake of a NACA-0012 airfoil
under the same operating conditions as Zhou et al. (2011). They presented force and
wake measurements and discussed the vortex formation and shedding and variations in its
frequency and size with the angle of attack.

Numerical simulation of flows that exhibit complex characteristics such as separation,
transition of the separated shear layer and vortex shedding can be performed with
different levels of fidelity. High-fidelity simulations such as large eddy simulation (LES)
(E1-Okda et al., 2008; Ayed et al., 2015) and direct numerical simulation (DNS) require
fine grids and are computationally expensive. A more common approach is to use the
Reynolds-averaged navier-stokes (RANS) with different models for the Reynolds
stresses. In one-equation models such as the Spalart-Allmaras (SA) model (Spalart and
Allmaras, 1992), the Reynolds shear stress tensor is modelled in terms of the mean strain
and eddy viscosity. In two-equation models, the eddy viscosity is modelled in terms of
the kinetic energy and another variable such as dissipation, which results in two equations
for the kinetic energy and dissipation that are then solved simultaneously. Because the
performance of these models can be application-dependent, there has been recent interest
in evaluating their use and their ability to predict turbulent separated flows, evolution of
free shear flows and shock-boundary layer interactions (Slotnick et al., 2014). Dudek and
Carlson (2017) compared simulation results based on one-equation SA model and
two-equation menter shear stress transport model of different flows with experimental
results and found that the level of their performance is application dependent. Using
Reynolds averaged navier stokes equations, Wells et al. (2009) highlighted the effects of
turbulence modelling on the simulations of vortical wake flows such as the rolled-up
vortices in the near wake of a rectangular wing. They concluded that, simulations with
the full Reynolds stress model (RSM) yield a remarkable mean flow agreement with
experimental data in the tip vortex and spiral wake due to the proper prediction of a
laminar vortex core. Simulations with the SA model predicted over-diffusion of the
tip-vortex. This was explained by their evaluation that the SA model should be corrected
to deal with the eddy viscosity term for rotating flows.
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In present effort, we evaluate the performance of the SA and full RSMs in predicting
the flow over a NACA-0012 airfoil in the low-Reynolds number regime. Particularly, we
compare the experimental static lift and drag results presented by Zakaria et al. (2015b)
with results obtained from SA model at the same Reynolds number. Then, we compare
the performance of four different models, namely the laminar flow, SA, modified SA and
Reynolds stress transport models, in the analysis of the flow structure of the 2D wake
over a NACA-0012 airfoil at 40° angle of attack and Re = 79,900. This comparison is
important because using an inappropriate model might lead to failure in capturing the
associated shedding frequencies at high angles of attack. The evaluation of each of the
four simulations is based on the prediction of mean flow quantities such as lift and drag
and complex flow and wake structure associated with this flow.

2 Experiments

The experiments were conducted in an open-jet-return, low speed wind tunnel. The test
chamber has a cross section of 0.7 m x 0.7 m and a length of 1.5 m. The tunnel free
stream turbulence intensity is 1% at the operating speed U, = 8.6 m/s, which corresponds
to a chord Reynolds number of 79,900. The flow speed is controlled by an AF600
General Electric variable frequency drive. The designed mechanism was controlled to
allow for varying the mean angle of attack, a,, between 0° and 65°. A foam core NACA
0012 was machined using a laser cutter and reinforced with a carbon fibre rod of
diameter 4 mm at quarter chord location and the whole profile was covered by two layers
of carbon fibre fabric. The wing has an aspect ratio of 4.5 with a chord length of 0.14 m
and a span of 0.63 m. The wing model was mounted horizontally in the centre of the test
section. We used end plates (each plate is 0.25 m long and 0.15 m wide) to ensure
two-dimensional flow within 2.7%. Wind tunnel blockage was less than 3.7% when the
airfoil was set at the maximum angle of attack.

Figure 1 Experimental setup of naca-0012 in the wind tunnel facility (see online version
for colours)

Source: Zakaria et al. (2017)
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The wind tunnel is equipped with a six component strain gauge balance of strut model
support system having an accuracy of 1.2% (0.05 N). The data were collected and
processed using a sampling frequency rate of 2,500 Hz. The measured signals were
amplified by a transducer amplifier and connected to a National Instruments SCXI 1520
Multifunction DAQ. Force measurements were ensemble averaged over three
experiments and force coefficients were evaluated in terms of the dynamic pressure
corresponding to the steady-state velocity, U,. A digital protractor was used to measure
the wing’s setting angle with an error of —0.2°.

Figure 2 Comparison of the current steady C;-measurements with theory and other experimental
results (see online version for colours)
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Figure 2 shows a comparison of the current measurements of the static lift curve at
Re = 79,900 with the measurements of Tang and Dowell (2014) at Re = 313,000, and
theoretical predictions. These predictions include those of the classical airfoil theory
C; =2z sin ¢, the potential flow lift without leading edge suction C; = 27 sin « cos’ a
(Polhamus, 1966), and the fit of the static lift due to a stabilised leading edge vortex
C, = 2z sin2a, proposed by Berman and Wang (2007). Based on standard statistical
evaluation methods (assuming Gaussian distribution of data), uncertainty limits with a
95% confidence level were determined for each of the load measurements based on three
separate runs. The plots show that the current experimental measurements are in a
qualitative agreement with the measurements of Tang and Dowell (2014). Both
measurements match predictions of the classical wing theory over its range of
applicability up to ten. The slight difference in the maximum lift between the current
measurements and that of Tang and Dowell (2014) can be attributed to the difference in
the Reynolds numbers. For a purely two-dimensional flow, a stabilised leading edge
vortex that augments the lift cannot be realised under static conditions. As such, the
predictions of the lift due to a stabilised leading edge vortex, given by C; = 2z sin2 «, are
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higher than the current measurements. Finally, the potential flow model without leading
edge suction overestimates the generated lift as it does not account for the separation
effects.

3 RANS simulations

3.1 Turbulence models

The SA model is a relatively simple one-equation model that solves a modelled transport
equation for the kinematic eddy (turbulent) viscosity. Dacles-Mariani et al. (1995) and
(1999) modified the SA model to account for the numerical error associated with the
vortex shedding. The modified model is a vorticity-strain based model (rotation
correction). The modification should be passive in thin shear layers where vorticity and
strain are very close. The RSM is a more elaborate turbulence model. Abandoning the
isotropic eddy viscosity hypothesis, the RSM closes the Reynolds-averaged Navier-
Stokes equations by solving transport equations for the Reynolds stresses, together with
an equation for the dissipation rate. This means that five additional transport equations
are required in two-dimensional flows and seven additional transport equations must be
solved in three dimensional flows. Because the RSM accounts for the effects of
streamline curvature, swirl, rotation, and rapid changes in strain rate in a more rigorous
manner than one-equation and two-equation models, it has a greater potential to give
accurate predictions for complex flows (Taulbee, 1992). The use of the RSM is a must
when the flow features of interest are the result of anisotropy in the Reynolds stresses.
Among the examples are cyclone flows, highly swirling flows in combustors, rotating
flow passages, and the stress-induced secondary flows in ducts.

3.2 Computational domain and mesh sensitivity

ANSYS Fluent 15 is used to simulate the flow over a NACA-0012 airfoil over a broad
range of angles of attack between zero and 40°. As shown in Figure 3, the solution was
performed over a domain that extended over an area of at least 12.5 chord lengths around
the airfoil. The domain Dirichlet conditions were used at the inlet boundary and a
pressure outlet condition was used at the outlet boundary. The mesh was generated using
the GAMBIT modeller. Figure 4 illustrates the global mesh boundaries around the airfoil
and a zoomed view for the shedding line inclined at 40° from the airfoil chord with a
length of five chords. As shown in the figure, a higher grid resolution is used near the
airfoil surface and in its wake to resolve the boundary layer and capture the wake
characteristics to yield an acceptable computational accuracy. To determine a satisfactory
number of mesh nodes, we performed simulations whereby the number of nodes was
increased until further refinement of the mesh produced negligible changes. Tables 1 and
2 show variations of the values of the mean lift and drag coefficients as the number of
nodes was increased respectively for angles of attack of 5° and 40°. The numbers show
that a grid of 520,000 nodes is sufficient to yield converging values for these coefficients.
This resolution is also acceptable for a shedding line of 40° as it covers at least five
chords along this line. Although the finest region of the grid is not aligned with this
shedding direction, the grid is still fine enough to resolve shed vortices at this high angle
of attack.
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Figure 3 Computational domain for NACA-0012 (see online version for colours)
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Figure 4 Grid generation using gambit software, 520,000 elements (see online version
for colours)

3.3 Force coefficients

Variations in the mean lift and drag coefficients with the angle of attack up to 40°
obtained from the SA model are compared with the experimental measurements in
Figure 5. The results show good agreement with the wind tunnel data and captures the
same trend at stall conditions. Each simulation point corresponds to an average value
over the simulation time record excluding the transient time steps. We note that the
simulated values of the lift coefficient are slightly higher in the range between 25° to 40°.
As will be shown below, the SA model fails to simulate the vortex shedding at these high
angles of attack. Table 3 shows a comparison of experimental values of the lift and drag
coefficients with predicted values from three selected simulations (SA, laminar and
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RSM). Based on the calculated percentage differences, we conclude that all simulations
predict acceptable mean values with the SA model yielding the largest departure from the
measured value of 5.5% in the lift coefficient.

Table 1 Sensitivity analysis of the variation of the simulated mean values of the lift and drag
with the number of nodes in the mesh

Mesh elements (103) Cr Cp

62 0.492 0.042
129 0.489 0.033
256 0.475 0.032
332 0.478 0.031
520 0.480 0.031

Note: The simulations were carried out using the SA computational model. The angle of
attack is 5° and Re = 79, 000.

Table 2 Sensitivity analysis of the variation of the simulated mean values of the lift and drag
with the number of nodes in the mesh

Mesh elements (103) Cr Cp

62 1.0917 0.8759
129 1.0211 0.8454
256 0.983 0.8315
332 0.925 0.8241
520 0.873 0.8190
560 0.868 0.8115

Note: The simulations were carried out using the SA computational model. The angle of
attack is 40° and Re = 79,000.

Figure S Static mean lift and drag coefficients compared with CFD simulation using SA model at
Re = 79,900 for NACA-0012, (a) static lift curve (b) static drag curve (see online
version for colours)
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Figure 6 Models comparison for NACA 0012 at Re = 79,900 and «, = 40° (SA, SA modified,
laminar, Reynolds stress) (see online version for colours)

Note: First row (vorticity contours), second row (pressure contours) and third row
(velocity contours).

Table 3 Comparison of force coefficients predicted with three selected models (SA, Laminar
and RSM) and experimentally measured values at AoA = 40° and Re =79, 000

Model Cy Cp diff (C1) (%) diff (Cp) (%)
Experiments 0.822 0.7892 - -

SA 0.868 0.8115 5.5 2.7
Laminar 0.8 0.84 2.6 6.4
RSM 0.79 0.81 3.8 2.66

3.4 Flow field characteristics

Next, we compare the flow field characteristics at a high angle of attack using four
different simulations (SA, SA modified, laminar and RSM) to determine their ability to
capture the vortex shedding in the wake. The first, second and third rows of Figure 6
show respectively the vorticity, pressure and velocity contours. The first, second, third
and fourth columns of the same figure show the predicted contours with the SA, SA
modified, laminar flow and Reynold Stress Model, respectively. It is clear from all
contours that the SA and SA modified models fail to simulate the vortex shedding as
obtained from the laminar flow and RSM simulations. This is most likely due to the
over-diffusion of the shed vortices as noted by Wells et al. (2009). These two latter
simulations have almost the same flow structures. Zoomed views of the flow domain
presented in Figures7 and 8 clearly show the vortex shedding as simulated respectively
by laminar flow and RSM.



10 M.Y. Zakaria et al.

Figure 7 Vorticity contours for laminar flow at Re = 79,900 for NACA-0012 at ¢, = 40°,
(a) vorticity contours zoomed out view (b) vorticity contours zoomed in view
(see online version for colours)

(b)

Figures 9 and 10 show time series of the lift and drag coefficients for both laminar flow
and RSM simulations over a period of 0.9 seconds. Figure 11 shows the power spectral
density (PSD) corresponding to the time series shown in Figures 9 and 10. Both laminar
flow and RSM simulations yield the same shedding frequency, f;, of about 14 Hz, which
is equivalent to a Strouhal number of 0.22. This predicted value is close to the measured
value of 0.232 reported by Alam et al. (2010) for a flow over a NACA-0012 airfoil at an
angle of attack of 40° and Re = 10,500. The force coefficient spectra also show a
well-defined peak at twice the shedding frequency, 2f;. Spectra of the velocity at specific
locations in the wake shown below will also show peaks at f; and 2f.. The second
harmonic (2f;) is shown to be due to the secondary vortices induced on the upper surface
by the primary vortices shed from the leading and trailing edges.
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Figure 8 Vorticity contours using RS model at Re = 79,900 for NACA-0012 at a, = 40°,
(a) vorticity contours zoomed out view (b) vorticity contours zoomed in view
(see online version for colours)

(b)

In order to characterise the vortex shedding in the wake, we collected time history
fluctuations for the X-velocity component at different locations in the vicinity of the
airfoil and in its wake as shown in Figure 12. These locations were chosen to capture
flow physics along the shear layer separating from the leading edge, near the trailing edge
and along a line where vortex shedding takes place as noted when superposing the
locations on the flow field as shown in Figure 13. The figure shows six sequential
vorticity contours obtained from the RSM simulations with a time step of 0.01 seconds at
40° angle of attack. At the first time step, the free shear layer emanating from the leading
edge rolls up into a large vortex on the suction side. At the same time, the boundary layer
on the pressure side also separates and rolls around the sharp trailing edge forming a
trailing edge vortex. As the later vortex forms it nips the suction side vortex and
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subsequently breaks off from the suction side. The two vortices (the trailing edge and the
nipped part of the suction side vortex) shed into the wake as a pair of counter rotating
vortices. Once the two vortices are shed, the suction side vortex matures again by the
vorticity of the feeding separated shear layer from the leading edge. The cycle of trailing
edge vortex nipping the suction side vortex and the pair of vortices shedding into the

wake repeats. The close proximity of primary vortices (from LE to TE) to the upper
surface induces secondary vortices of opposite sign.

Figure 9 Force coefficients using laminar model at Re = 79;900 for naca-0012 at a, = 40°,
(a) lift coefficient time history using laminar transient model (b) drag coefficient time
history using laminar transient model (see online version for colours)
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Figure 10  Force coefficients using RS model at Re = 79,900 for NACA-0012 at , = 40°,

(a) lift coefficient time history using RS model (b) drag coefficient time history using
RS model (see online version for colours)
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Figures 14 and 15 show the power spectra for the X component velocity at the selected
probe positions shown in Figure 12. Figures 14(a) and 15(a) show the spectra at locations
1 to 6 close to the airfoil surface. Spectra of the velocity components at locations 1, 2,
and 3 near the separated shear layer do not exhibit a peak at the shedding frequency. On
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the other hand, the velocity spectra at locations 4, 5, and 6 exhibit a clear peak at the
shedding frequency.

Figure 11  PSD of lift and drag history for NACA-0012 simulated with laminar model and RSM
at 40° angle of attack, (a) power spectra for lift and drag coefficients using laminar
transient model (b) power spectra for lift and drag coefficients using RS transient
model (see online version for colours)
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Figure 12 Selected locations for recording the x-velocity component time history fluctuations
over NACA-0012 at Re = 79,900, «, = 40° (see online version for colours)

Linear stability analysis of the local velocity profile in the shear layer shows that it is
unstable, as expected, but the most amplified frequency is much higher than the shedding
frequency. Consequently, at 40-degrees angle of attack, the free shear layer separated
from the leading edge rolls up into large vortex before it develops the classical
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mixing-layer type instabilities. Figures 14(b) and 15(b) show spectra at locations 7 to 10
on the line inclined to the airfoil chord and parallel to the free stream velocity. At these
locations, the peak in the spectra is at the same frequency noted at locations 4, 5, and 6.
The local peaks at 2f; are due to secondary vortices induced on the upper surface. These
results explain the lift enhancement case for an airfoil oscillating in plunge at reduced
frequency near 0.7 (k = 2af. / U,) reported by Zakaria et al. (2015b). This could be
attributed as a lock-in phenomenon that occurs between the oscillation and shedding
frequencies that corresponds to a plunging frequency of L/ 14 Hz and was found to be
close to the frequency obtained from simulations.

Figure 13  Vorticity time stepping for RS model over NACA-0012 at Re = 79; 900, ¢, = 40°
(6 t=0.01 s) (see online version for colours)

Note: The locations where velocity time series were collected are superimposed on the
plots as black dots and have the same arrangement presented in Figure 12.

Figure 14  PSD of x-velocity component time history for NACA-0012 simulated with RSM at
specific locations shown in Figure 12, (a) probes 1 to 6 (b) probes 7 to 10 (see online
version for colours)
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Figure 15  PSD of x-velocity component time history for NACA-0012 simulated with
laminar flow model at specific locations shown in Figure 12, (a) probes 1 to 6
(b) probes 7 to 10 (see online version for colours)
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4 Conclusions

The performance of different turbulence models in terms of capturing flow separation and
transition, and vortex shedding associated with the flow field over NACA-0012 airfoil at
a Reynolds number of 79,900 is determined. The turbulence models include the SA
model, modified SA model, and the RSM. Additionally, a simulation without a
turbulence model is performed. The results showed that all simulations predict averaged
lift and drag coefficients that are in agreement with experimental data. Simulations using
the SA model yield a lift coefficient that is slightly larger than the measured one at angles
of attack between 25° and 40°. Simulations based on the Reynolds stress transport model
and laminar flow calculations predict vortex shedding from the leading and trailing edges
and the formation of a vortex street in the wake. Simulations with the SA model or its
modified form did not predict such a vortex wake indicating over-diffusion of the
vorticity. The power spectral densities of the unsteady lift, drag, and velocity reveal that
the value of the Strouhal number associated with the vortex shedding frequency is close
to a value measured in previous experiments.
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