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This paper presents a 2D computational investigation on the dynamic stall phenomenon associated with
unsteady flow around the NACA0012 airfoil at low Reynolds number (Re. ~ 10°). Two sets of oscillating
patterns with different frequencies, mean oscillating angles and amplitudes are numerically simulated
using Computational Fluid Dynamics (CFD), and the results obtained are validated against the corre-
sponding published experimental data. It is concluded that the CFD prediction captures well the vor-
tex-shedding predominated flow structure which is experimentally obtained and the results
quantitatively agree well with the experimental data, except when the blade is at a very high angle of

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

With the depletion of fossil fuel energy, and the increasing
acknowledgement of the importance of developing environmen-
tally friendly energy resources, the wind turbine, as the main tech-
nology to extract energy from wind, has been increasingly
investigated. From the perspective of urban applications, Vertical
Axis Wind Turbines (VAWTs) have many advantages over the
widely used conventional Horizontal Axis Wind Turbines (HAWTSs)
[1-4]. However, VAWTs suffer from many complicated aerody-
namical problems, of which dynamic stall is an inherent phenom-
enon when they are operating at low values of tip speed ratio,
/< 5[5], and this has a significant impact on vibration, noise, and
power output of the VAWTSs [6]. Therefore, it is crucial to have a
good understanding of the mechanism of dynamic stall, in particu-
lar at relatively low Reynolds number (Re. ~ 10°) appropriate to
the urban applications of VAWTs which are not fully understood.

Fig. 1a is a schematic of a straight-bladed fixed-pitch VAWT
which is the simplest, but typical form, of the Darrieus type
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VAWTs. Despite the simplicity, its aerodynamic analysis is still
quite complex. One feature is that the relative velocities perceived
by the blade always change as the blade moves to different azi-
muthal positions. Fig. 1b illustrates typical flow velocities around
a rotating VAWT blade at a given azimuthal angle 6 , as well as
the aerodynamic forces perceived by the blade. The azimuthal an-
gle 0 is set to be zero when the blade is at the top of the flight path
and it increases in a counter-clockwise direction. It should be
noted that, even disregarding the variation of the induced local
flow velocity Ujocq, both the magnitude and the direction of the
effective velocity perceived by the blade, Uey , change in a cyclic
manner as the blade rotates through different azimuthal angles.
This kind of motion is called the Darrieus motion [7]. As a result,
the aerodynamic loads exerted on the blade change cyclically with
0.

From the inset at the bottom right hand corner of Fig. 1b, we can
obtain the following expression that establishes the relationship
between the anlge of attack o, the tip speed ratio 2 and the azi-
muthal angle 0 of a blade performing Darrieus motion (without
velocity induction):

U, sinf sin 6

taw:QRfUOCcosezAfcos(?

sin 0
or o=arctan ———|.
A —Cos0

A normalised angle of attack o is evaluated from this expression as a
fuction of the azimuthal angle 6 for various values of /, as shown in
Fig. 2. Since dynamic stall of VAWTs mainly occurs under the cir-
cumstances of low values of tip speed ratio (1 < 5), the variations
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(a) Sketch of a fixed-pitch
straight-bladed VAWT.
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(b) Typical flow velocities of a straight-bladed Darrieus type VAWT.

Fig. 1. Basics of VAWT.
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Fig. 2. Comparison between the normalised angle of attack « and the sine-curve
(o =sin0).

of angles of attack at the low values of 4 (1=2, 3 and 3.5) are pre-
sented in this figure and compared with the sine-curve, i.e. « = sin6.
It should be noted that the track of the general variation of the nor-
malised angle of attack, «, of the blade in Darrieus motion, is very
similar to the sine-curve. Therefore, in a rotational frame of refer-
ence fixed on the turbine blade, the blade would perceive a cyclic
variation in the effective air velocity and the angle of attack which
is very similar to what would be experienced with a sinusoidally
pitching blade in a stationary frame of reference. On the basis of this
similarity, it is likely that there may be a similarity with regard to
the dynamic stall mechanics for these two types of motion. There-
fore, the investigation into the dynamic stall in the relatively simple
oscillating airfoils will provide us with significant insight as to what
would occur in a real but more complicated VAWT blade. However,
it should be noted that there is an element of plunging motion of
the blade in the operation of the VAWT and this does not exist in
an oscillating aerofoil. Therefore, in the present paper we only fo-
cous on the effective pitching motion.

Dynamic stall is a term used to describe the delay in the stall on
wings and airfoils that are rapidly pitched with the angle of attack,
«, significantly beyond the static stall angle and normally can gen-
erate a substantially larger lift for a short period of time than can
be obtained quasi-statically [8]. This phenomenon has been in-
volved in a wide range of turbo-machinery, such as jet engine com-
pressor blades, highly manoeuvrable fighters, wind turbines,
helicopter rotor blades and even insect wings [6]. Kramer [9] first

recognised the dynamic features associated with the dynamic stall
in a rapid variation of the incidence experienced by an airfoil. How-
ever, the importance of the phenomenon was first identified and
emphasized in the helicopter community when helicopter design
engineers were confused by the extra lift gained on the helicopter
rotor in the retreating phase in the 1960s [6,8].

The stall process can be divided into four key stages, i.e. at-
tached flow, development of the LEV, post-stall vortex shedding,
and the reattachment of the flow [9]. Numerous experiments have
shown that the flow field for deep dynamic stall is characterised by
the initialization, growth, covection and shedding of an intense
vortex (LEV) over the suction surface. It is generally accepted that
the LEV, carrying a low pressure wave generates a significantly lar-
ger lift when the angle of attack is far beyond the angle of static
stall until it is shed into the wake. Further the shedding of the
LEV causes a sudden breakdown in the lift and a rapid increase
in the drag and nose-down pitching moment. It should be empha-
sized that during the downstroke phase of the pitching cycle, a sec-
ondary vortex is often oberseved [10,11], which augments the lift
coefficient significantly but this has received little attention. The
appearance of the secondary vortex is usually indicated in the lift
coefficient curve by a second peak after the peak generated by
the LEV. A more detailed description of the dynamic stall events
can be found in the review by Carr [6].

Extensive experiments have been performed to study the dy-
namic stall phenomenon [9-16] and the shedding of LEV has been
experimentally represented by many researchers [6]. It has been
found that the flow behaviour strongly depends on a number of
parameters, such as the shape of the airfoil, mean angle, oy, ampli-
tude of oscillation, o, reduced frequencies, k, and in particular the
Reynolds numbers, Re., and Mach numbers, Ma [10,13]. In addition
to the extensive experimental investigations, a variety of numeri-
cal methods have also been applied to analyse the dynamic stall
phenomenon [9,17-25] and many reviews based on these results
have been published [6,26,27]. However, most of the previous
investigations concerned with relatively high higher Reynolds
numbers, say, about 1 x 10° or larger. Only a few experimental
studies have been published in the low Re regime that is applicable
to the VAWTSs that are intended for use in the urban environment,
where the blades are operating at a relatively low Re,, typically of
the order of 10°. This paper concentrates on the dynamic stall at
this low Reynold number regime (Re. ~ 10°).

The accuracy of the computational simulations employing
URANS is essentially related to the competence of the employed
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turbulence model. Many popularly used turbulence models for
aerodynamic simulations, such as Baldwin-Lomax, RNG k — ¢, Spal-
art-Allmaras, as well as baseline k — @ model, nonlinear eddy-vis-
cosity models, etc., have been evaluated for the ability of
simulating this type of complex flow [21,23,24,28]. However,
almost all of the models fail to generate results which can
consistently agree well with the experimental data, in particular
for those pitching patterns associated with higer angles of attack
and high reduced frequency. The standard k — ® model and the
SST k — «» model (which is a combination of the standard k — w
and k — ¢ models) have been reported to perform well in flows
with large separation regions and severe adverse pressure gradi-
ents. The description of these turbulence models are detailed in
[29,30]. To the best of our knowledge, there is still only a few
numerical investigations that employ these models to simulate
the dynamic stall phenomenon associated with low Reynolds num-
ber (around 10°) turbulence flow regime. The only papers that we
have located that involve low Reynolds number flow are the inves-
tigation of Spentzos et al. [24] and the recently published paper by
Martinat et al. [31]. Therefore, the objective of this paper is to
assess the ability of the standard k — w model and the SST k — w
model to correctly simulate dynamic stall in the low Reynolds
number regime which is found in VAWTs and make a contribution
towards a better understanding of the flow physics of dynamic stall
in order to assist in the design optimizations of VAWTs intended
for the built and urban environment in the future.

2. CFD simulations
2.1. The cases investigated

In this paper, we numerically investigate two experimental
cases associated with deep dynamic stall with different blade
pitching patterns. Case I is the experimental investigation of Wern-
ert et al. [9] and Case II is from the study of Lee and Gerontakos
[16]. In both cases, the blade executes an oscillatory motion around
a fixed pivot with the angle of attack following the sinusoidal mode
given by the function o = g + o;sin( wt), but with different mean

T
Ve pitching direction

@ = ap + asin(wt)

Fig. 3. Illustration of blade pitching motion.

Table 1
Validation case specifications for dynamic stall.

angles of attack o, pitching magnitude o; and reduced frequency
k, see Fig. 3. Table 1 gives a summary of the operating conditions
employed in the two experiments.

With regard to the reasons for the choice of the two cases, first
of all, the range of the Reynolds number is the basic requirement
for the purpose of the present research which excludes a large por-
tion of the experimental work. In particular, the Case I is selected
primarily due to the availability of the near-wall profiles of velocity
magnitude at the airfoil suction side as these are very useful in the
validation of the numerical results. In the literature, many investi-
gations into the aerodynamics of the pitching blade motion have
reported information on the integral aerodynamic loads and mo-
ments on the airfoils but very few present the velocity fields
around the airfoil. Unfortunately, experimental data on the instan-
taneous aerodynamic load loops during a complete pitching cycle
that are also essential in order to assess the computational work
is not available in this investigation. Therefore, to complement
Cases I and II which contains such experimental data is chosen.
In addition, the coverage of both positive and negative angles of at-
tack in Case Il is what occurs in the real Darrieus type motion.

2.1.1. Case I: Wernert et al. [9]

The airfoil in this case executes the sinusoidal pitching motion
o =15°+10°sin(41.89t) with a reduced frequency of k = 0.15. The
free stream velocity is 28 m/s, resulting in a Reynolds number
Re. of 3.73 x 10°, based on the chord length. The experimental
investigation was conducted in a low-speed wind tunnel which
has an open, rectangular test section of 70 cm in width, 80 cm in
length and 90 cm in height. The blade was mounted between
two circular end plates with a diameter of 40 cm to ensure a
two-dimensional flow in the vertical centre plane of the test sec-
tion. The dynamic stall process on a pitching NACA0012 airfoil
with a chord length of 0.2 m was experimentally investigated
employing particle image velocimetry (PIV) and Laser-Sheet
Visulisations (LSV).

2.1.2. Case II: Lee and Gerontakos [16]

In this case, the blade oscillates with the sinusoidal mode:
o =10°+15°sin(18.67t) with a reduced frequency k=0.10. The
free stream velocity is U, =14 m/s, the turbulence intensity is
about 0.08%, and the Reynolds number is Re.=1.35 x 10°. The
experiment was conducted in a low-speed, suction-type wind tun-
nel with a wall-bounded test section of 120 cm in width, 270 cm in
length and 90 cm in height. The blade was fitted with two end
plates with 30 cm in diameter to diminish the end effects. The gaps
between the oscillatory airfoil and the stationary end plates were
kept within 1mm to minimize the leakage of the blade-tip flow.

The transient behaviour of the blade surface unsteady boundary
layer and the characteristics of the dynamic stall events associated
with an oscillating NACA0012 airfoil were studied using multiple
hot-film sensor arrays. In addition, surface pressure measurements

Conditions

Oscillating pattern

Measurement technique

Case I: Wernet et al. [9]
Re.=3.73 x 10°, Ma=0.1

U, =28m/s w=41.89rad/s, k=0.15
NACA0012 with ¢ =0.20 m pitching axis location from
span = 0.56 m the leading edge = 0.25¢

Case II: Lee and Gerontakos [16]
Re.=1.35 x 10°, Ma = 0.04

U, =14m/s w =18.67 rad/s, k=0.10
NACA0012 with c=0.15m pitching axis location from
span =0.375m the leading edge = 0.25¢

o =15°+10°sin(wt)

o =10°+ 15°sin(wt)

PIV and LSV,

low-speed wind tunnel with

an open, rectangular test

section of 70 cm x 80 cm x 90 cm

Hot film, hot wire, SV, surface pressure
measurement, low-speed wind tunnel
with a wall-bounded test section of
120cm x 270 cm x 90 cm
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and smoke flow visulisations were performed as a supplement to
the hot-film data. The aerodynamic forces and moments can be de-
rived from the blade surface pressure measurements.

2.2. Numerical technique

It is well known that there are three main forms of turbulence
simulation methods, i.e. Direct Numerical Simulation (DNS), Large
Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes
(RANS). DNS, despite being the most advanced computational ap-
proach, in which all the space and time scales are resolved, de-
mands huge computing resources and is still too prohibitive to
be used in the unsteady complicated simulation involved in the
range of Reynolds numbers studied in this paper. Although the
computational power has been at a very high level, it is still very
computationally expensive to employ LES to numerically investi-
gate the complex unsteady dynamic stall phenomenon since 3D
simulations should be performed due to the 3D nature of the ed-
dies. For the present, URANS appears to be the most suitable ap-
proach to conduct the dynamic stall flow simulations with an
acceptable computational cost and, at least, reasonable accuracy.
Therefore, in the present study, the URANS method is employed.

Although the dynamic stall flow studied here is inherently a 3D
phenomenon, measurements have been taken to ensure a 2D flow
in the mid-span plane, where the experimental data were ob-
tained, in both the two cases investigated. In Case I, the 2D flow
in the plane was verified by flow visulisation experiments while
in Case II, the 2D uniformity of the flow over the airfoil was found
to be within 4% of the free stream value, as checked by a hot-wire
probe. Thus, in the present simulations, 2D geometrical configura-
tions are employed to model the experimental investigations and a
2D incompressible unsteady CFD solver, based on the finite volume
method in the commercial software package Fluent, is employed to
solve the full URANS governing equations. Due to the incompress-
ibility of the flow studied, the pressure-based solver, which em-
ploys an algorithm which belongs to the so-called “projection
method” and is traditionally implemented to solve low-speed
incompressible flows, is chosen. All the governing equations for
the solution variables, which are decoupled from each other, are
solved sequentially and the SIMPLE algorithm is applied as the
pressure-velocity coupling algorithm. With respect to the discreti-
zation of the convection terms in the transport equations for the
velocity and the turbulence quantities, second-order upwind
schemes are utilised. In order to accelerate the rate of convergence
of the solution, the algebraic multigrid scheme (AMG) with a V-cy-
cle type for the pressure and a flexible type for the momentum
equations is applied. A detailed description of these methods can
be found in [32]. The calculations have been carried out using
the standard k — «» model, assuming that the flow of the airfoil is
fully turbulent and the SST k — w model with prediction of the lam-
inar-to-turbulence transitional process. The modelling of transition
is realised by damping the turbulent viscosity p, which is com-
puted as follows with the coefficient o [33]:

ok
o max[xl &]7

a0

0.024 + Re, /6
1+ Re,/6

_ Pk

where o = = .
Uw

t ) t

All the numerical simulations are performed at the same conditions
as those of the experimental settings to simulate the flow field at
the mid cross-section of the experimental setup.

In order to simulate the sinusoidal pitching motion of the blade,
the dynamic-mesh technique is employed. As illustrated in Fig. 4a,
the mesh is composed of two sub-domains, one fixed mesh zone
and one dynamic mesh zone, both of which are meshed by quadri-
lateral elements. For the purpose of obtaining a better control of

the mesh distribution and a higher resolution of the flow near
the blade, the dynamic zone, which is considered to be the region
of most interests and require the finest grids, is divided into two
parts, namely sub-grid I and sub-grid II, of which sub-grid I is
meshed by a structured C-grid, as shown in Fig. 4b. Corresponding
to the pitching motion of the blade in reality, the circular-shaped
dynamic zone containing the blade geometry, i.e. both the sub-grid
I and sub-grid II, pitches like a rigid body with the same sinusoidal
mode, o = oy + o sin(wt), as the blade, whilst the fixed mesh zone is
kept stationary. The two zones communicate via a pair of circular
interfaces between them. To this end, a UDF subroutine is devel-
oped and attached to the Fluent solver to control the dynamic
mesh motion. The most refined grid is sub-grid I which defines
the geometry of the airfoil and its immediate wake development
flow region. The grid for Case I has 366 nodes on the suction side
of the blade and 200 nodes on the pressure side. The height of
the first row of cells is set at a distance to the wall of 10~>c and this
corresponds to y* < 0.8. For the purpose of accurately resolving the
boundary layer behaviour, and thus the aerodynamic loads on the
airfoil, no wall function is employed and hence the values of y*
should be less than 1.0 [32]. The total number of meshes is of
the order of 10°. The non-slip boundary condition is used in this
simulation to model the opening test section. The independence
of the solution on the grid has been achieved by comparing the
solutions obtained with the current mesh and a refined mesh, in
which the regions of interest, such as the zones near the blade
and its wake, have been refined.

A similar meshing strategy to Case I is used for Case II, with the
exception that the slip boundaries used in the former mesh are re-
placed by non-slip boundaries in order to represent the wall of the
wind tunnel.

Since the work of Wernert et al. [9], Case I, was performed in an
open test region, the computational domain consists of two slip
boundaries which are 16¢ and 12c away from the blade, respec-
tively, see Fig. 4a. The two slip boundaries have been placed suffi-
ciently far away to eliminate their effect on the flow near the blade.
The inlet and outlet boundaries are placed respectively 8c up-
stream and 45c¢ downstream of the blade, making the uniform free-
stream velocity boundary condition at the inlet accurate enough
and allowing a full development of the wake. The effects of the size
of the computational domain on the numerical solution have been
evaluated by extending the boundary of the solution domain step-
by-step and finally the aforementioned domain size is considered
to be sufficiently large to represent the opening test conditions.
The reason why the upper boundary is set to be further than that
of the lower is mainly due to the range of values of «, which is al-
ways positive in this case, from 5° to 25°, and the complexity of the
flow structure on the suction side, or upper side of the blade, such
as large separations in the region above the blade. It is pointed out
that the determination of the dimensions of the external bound-
aries is carried out employing a steady case when the blade re-
mains at the largest AoA (o =25°) in consideration of the high
cost of the unsteady simulations. Nevertheless, according to other
computational simulations conducted by other researchers [9,24],
in which the external boundaries were commonly set to be about
10c from the blade, the dimensions used here is sufficiently large.
It should be noted that the freestream turbulence intensity is less
than 0.25% according to the experiment but this was not accurately
measured and probably this is because it was technically difficult
to accurately obtain the turbulence quantities when the equipment
was being employed in 1996. Nevertheless, in the numerical calcu-
lations presented in this paper we choose this value to be 0.25%.
The effects of the turbulence level on the numerical predictions
are discussed later in the next section.

Different time step sizes have been tested and finally a
non-dimensional time step of At,q about 7 x 103 is found to be
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Fig. 4. Computational setup.

Table 2
Residual convergence criterion for all the solution quantities.
Variable Continuity  uy uy k @]
equation
Convergence criterion <107 <1077 <1077 <10° <108

sufficiently small for the time-independent solution to be obtained
for the two cases studied and this has been achieved by checking
the time history of C,, C; and C,,. The calculations start from an ini-
tial flow field obtained from a well converged steady state compu-
tation where the airfoil is positioned at the mean angle of attack
and, in order to remove the influence of the initial flow field, a suf-
ficient number of cycles of the airfoil pitching motion have been
calculated until a periodic solution is achieved for Case I. However,
for Case II, due to the severe fluctuations of the computed forces,
only a quasi-periodic solution is obtained. Regarding the conver-
gence criteria, the residual for the continuity equation is set to
be less than 107>, See Table 2 for the details of all the computed
quantities. In order to confirm that the criteria is sufficient to en-
sure the convergence of solutions within one time step, the resid-
ual for the continuity equation is reset to 10~%. We found that

almost no differences can be found between the two set of solu-
tions and this indicates that the current convergence criteria is suf-
ficient to produce converged solutions within one time step in the
present study.

3. Results and discussions
3.1. Simulations of the Wernert et al. [9] test case, Case |

For this case, two variants of the k — «w model, namely the
standard k — « model (skw) and the SST k — @ model (SSTkw) are
assessed. As mentioned in the introduction, the primary merit of
this case is the availability of the experimental velocity field mea-
surements for use in the CFD validation. Spentzos et al. [24] have
performed some numerical simulations for this case and presented
some velocity profiles taken from the original experimental data
and these profiles are reproduced in the present paper as a valida-
tion of the CFD results obtained in this paper, see Fig. 5. In Fig. 5,
numerically obtained streamlines are compared with those
obtained from the experimental data based on PIV. The number
of the streamlines are limited in order to make them easier to be
distinguished from each other. For each angle of attack, namely
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Fig. 5. Comparison between the numerical results and the experimental data of Wernert et al. [9], Case 1.

o =22° and 24°, there are three plots, presenting the variation of
the non-dimensional velocity magnitude u/U, with the non-
dimensional distance from the blade d/c, corresponding to three
chordwise locations, x/c=0.25, 0.5, 0.75. It should be noted in
Fig. 5 that the magnitude of the fluid velocity is assigned a sign, po-
sitive meaning the flow goes from the leading edge to the trailing
edge and negative meaning the reverse (This assignment is not
done for the results of the SSTkw model at o = 24° since this will
cause significant intermittence of the curves).

It can be easily seen from the streamlines that the LEV has been
captured by both the sk model and the SSTkw model, whereas the

position and the size of the LEVs obtained by the two models are
quite different. In general, the skw» model generates a more stable
flow structure than does the SSTkw model and it smears out the
small circulations in the near-wall region at o =24°. In contrast
to the sko model, the SSTkew model presents a more complex flow
structure, especially at a high angle of attack where the two
secondary counter-rotating vortices are obtained which appears
to be more realistic, since it is also mentioned that small-scale
vortices can be recognised on the PIV pictures, even with the large
dynamic stall vortex by Wernert et al. [9]. This conclusion has also
been obtained by other researchers [8,23,34]. The computed
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chordwise spatial extension of about 75% c using the SSTkw model
is in good agreement with the experimental data. It can be seen
that the chordwise dimensions of the vortices in the SSTkw model
results are much more constrained than those obtained in the skw
model, whilst their thickness is much bigger. This may be because
the ska model is more dissipative in terms of the eddy energy and
fails to predict the severe adverse pressure gradient, making the
predicted LEV span a larger portion of the blade. Also a similar con-
clusion has been drawn by Martinat et al. [31]. Another reason for
this may lie in the assumption of fully turbulent flow on the airfoil
in the theory of the skw model, whereas the transition in the
boundary layer from laminar-to-turbulence at the leading edge
of the blade is predicted in the SSTkew model. The use of full
turbulence models can limit the occurrence of the laminar separa-
tion at the leading edge of the airfoil, leading to an inaccurate
turbulent flow development, as well as the prediction of the
development of the LEV. A comparison of the streamlines obtained
from the PIV data shows that the SSTkw model clearly performs
better than the ska model, which over-predicts the chordwise
span of the LEV.

Regarding the comparison between the velocity profiles at the
aforementioned three chordwise locations, the results agree better
at low angles of attack than at high angles of attack for both mod-
els. At high angles of attack the airfoil turns into deep stall and the
flow becomes fully separated. For separation flows, the 3D effects
should be more significant than those without separations at smal-
ler angles of attack, see [34]. This is where both models fail to
match the experimental data. At « = 22°, the velocity profile ob-
tained employing the SSTkw model at x = 0.25c¢ agrees remarkably
well with the experimental data while the skw model fails to cap-
ture the maximum velocity and the sharp structure, see Fig. 5a.
Compared with the streamlines at this postion, this indicates that
the scale and position of the LEV are predicted reasonably well
by the SSTkw model at lower values of o. At the position of 0.5c,
it can be seen that the ska model still predicts a recirculation in
the boundary layer while the LEV has already ended by this point
from the results gleaned from the SSTkw model. At x = 0.75c, the
results obtained from the SSTkw model agree well with the exper-
imental data in regions further away from the blade and close to
the boundary layer. However, the transition of the velocity profile
between these two regions appears to be not accurate enough in
contrast to the experimental curve. The LEV predicted by the skw
model extends even to this chordwise location and clearly this
should be an overshoot in the span of the LEV in comparison with
the validation data. At high angles of attack, say o = 24°, although
the sk model appears to present a better trend in comparison
with the experimental data, the flow structure differs significantly
from the experimental results according to the streamline patterns.
Thus, the better agreement with the validation velocity profiles for
the ska» model may be considered as fortuitous. Further, it should
be noted that both of the two numerical models overestimate the
magnitude of the velocities in the region further away from the
wall where d/c > 0.4.

It should be noted that despite many efforts to eliminate the 3D
effects on the testing surface in the experiment, there are still some
3D effects according to the experimental work of Raffel et al. [11],
which is based on the same experiment of Wernert et al. [9] if not
exactly the same. In addition, because of the limitations in the laser
pulse rate and framing speed of the photo camera used in this
experiment, it was impossible to record the flow field at all the dif-
ferent angles of attack of the blade within one pitching cycle but in
successive periods. What is more, the experimental research was
performed twelve years ago, and because of the strong unsteady
characteristics of the flow field, the accuracy of the data is still
an open question. Potentially, these may be reasons for the dis-
crepancies between the numerical and experimental data.
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Fig. 6. History of the sectional lift coefficient within six pitching cycles for Case II.

3.2. Simulations of the Lee and Gerontakos [16] test case, Case Il

In general, for Case I, the SSTkw model produces more accurate
predictions than does the sk model and hence this turbulence
model is employed in Case II.

Under the operating conditions in this case, a large cycle-to-cy-
cle difference of the solutions at high angles of attack during both
the upstroke and downstroke pitching phases is observed. Fig. 6
shows the history of the sectional lift coefficient, C,, in six pitching
cycles starting from the mean angle of attack, i.e. o = 10°. This kind
of aperiodic or quasi-periodic flow phenomenon is also observed in
the experiments [9-11].

The numerically computed coefficients of the aerodynamic
forces obtained from a pitching cycle are presented in Fig. 7 and
compared with the experimental data. It can be seen that within
the range of low and medium angles of attack, i.e. —5° < a < 20°,
the CFD results for the coefficients of aerodynamic forces agree
well with the experimental data, fluctuating around the measured
data. This is an indication that the SSTkw model performs well at
these values of angle of attack. However, similar to the results ob-
tained for the case of Wernert et al. [9], Case I, at the high angles of
attack, 20° < o < 25°, where deep stall may be expected, the
numerical results have a much larger difference from the experi-
mental data.

From Fig. 73, it is seen clearly that the position of the intersec-
tion point 1 between the upstroke and downstroke paths of the
sectional lift coefficient at o ~ 0° is well captured by point 1’ as
well as the intersection 1 of the sectional drag coefficient in
Fig. 7b. However, the absolute values are not exactly the same. Fur-
ther, the capture of the other intersection, point 2 in Fig. 7b, is not
as accurately predicted, and the numerical curve shows a strong
instability at high angles of attack.

The reduction in the lift coefficient for 20° < < 25° corresponds
to the shedding of the LEV, while there is a sudden increase in the
lift coefficient near the maximum angle of attack during the down-
stroke phase and this is an indication of the generation of the sec-
ondary vortex. Firstly, it appears that there is a phase shift between
the numerical and experimental results since the secondary vortex
appears to occur at about o« = 22° in the downstroke motion. This is
discussed by McCroskey et al. [12], namely both the strength and
phase of the dynamic forces depend upon the reduced frequency
k. As shown in Fig. 9, which is adapted from that presented by
McCroskey et al. [12], as k increases, the phase of the normal force
curve shifts to the right, or rather it causes a delay in the phase of
the dynamic stall. At k = 0.05, both the shedding of the LEV and the
generation of the secondary vortex occurs before the maximum
angle of attack when the blade is still in the upstroke phase. At
k = 0.15, the occurrence of the secondary vortex has already been
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postponed into the downstroke section and, at k = 0.25, even the
shedding of the LEV occurs in the downstroke phase. It appears
that the maximum value of the lift also increases with an increase
of k within the range 0.05 < k <0.15. Based on this conclusion, it
appears that the numerical results for k = 0.10 correspond to those
with a lower value of k.

It is found that free stream turbulence intensity has a significant
impact on the stability/fluctuations of the numerically predicted
lift coefficient curves at the small frequencies investigated in Case
Il, as shown in Fig. 7. Therefore, a test is performed by changing the
turbulence intensity of the free stream from the original value
0.08-0.24% and the results obtained are depicted in Fig. 8. It is ob-
served that the sectional lift coefficient curve becomes smooth on
increasing the turbulence intensity. Again, this indicates that the
numerical simulations are in very good agreement with the exper-
imental data at low angles of attack. The results suggest that a

higher free stream turbulence level would improve the stability
of the predicted forces on the blade at small AoA (—5° < o < 5°)
and also assist in the delay of stall at larger AoA (o > 20°). This
may be a contribution made by the improved energy transfer
across the boundary layers that delays the laminar-to-turbulent
boundary layer transition as well as the flow separation. In addi-
tion, the oscillations in the lift coefficients at small AoA, where
the flow is assumed to be non-separated, imply that the SSTkw
model is very sensitive in the present unsteady low turbulence
intensity flow application.

3.3. Flow development under deep dynamic stall conditions

In this section, in order to assist in the further understanding
the complex behaviour of the flow during the dynamic stall pro-
cess, details of the numerically simulated development of the flow
structure under deep dynamic stall conditions at low Reynolds
number are presented for Cases I and II.

3.3.1. Flow development for Case I

3.3.1.1. Dynamic stall process. Fig. 10 demonstrate the non-dimen-
sional vorticity fields (€2’) for different angles of attack through a
full pitching cycle in Case I. The corresponding streamlines are
shown in Fig. 11 for a better interpretation of the results. It is ob-
served that the flow structures at different stages of the develop-
ments of the LEV is qualitatively in good agreement with the
observations of other researchers [23,31]. From the angles of attack
o =5-17.6° the flow remains fully attached to the airfoil, other
than for a small laminar separation bubble that occurs near the
leading edge. The spatial extension of the bubble can be detected
by exploring the skin friction coefficient near the leading edge of
the airfoil, which is not presented here. One feature of the dynamic
stall, which is the delay of lift stall to angles beyond the static angle
of attack (o~ 16° [11]) appears clearly here. Then from about
o =20°, a reversed flow occurs at the trailing edge and this can
be observed from Fig. 11, and also from Fig. 10d, where the vortic-
ity layer on the suction surface of the airfoil is detached from the
trailing edge. The adverse pressure gradient that causes the flow
reversal appears to be mainly due to the rapid movement of solid
boundary, say the trailing edge, especially at such a low Reynolds
number studied in this case. At an angle of attack o =22°, the
LEV has already formed at the leading edge and the strength of
the recirculation has increased. Then the LEV breaks into two small
counter-rotating vortices, which indicate that the boundary layer
at the leading edge is quite unstable, see Fig. 10f and Fig. 11. The
complex structure within the LEV is also reported by Raffel et al.
[34]. The trailing edge vortex formed previously now becomes
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(d) o= 20" upstroke

(j) o= 23.7°downstroke

(m) o= 17.6 downstroke

(p) o= 10" downstroke

(b) o.= 8 upstroke

,\ -

(e) o= 22°upstroke

(q) o= 8 downstroke

(c) o= 17.6°upstr0ke

(r) o= 6.3 downstroke

Fig. 10. Non-dimensional vorticity field for the upstroke pitching phase using the SSTke model in Case 1.

more compact and starts to slowly travel downstream. Meanwhile,
another small circulation occurs next to the trailing edge vortex.
However, this circulation is formed by the suction side flow, rather
than the rolling up vortex of the trailing edge, see Fig. 11. At an an-
gle of attack o = 24.7°, the two vortices that were previously at the
trailing edge have now been shed into the wake and the rolling-up
vortex that penetrated from the pressure side of the airfoil into the
suction side flow has been initiated. At this time, the LEV has cov-

ered the whole span of the suction side of the blade and the highest
value of the lift coefficient is obtained, see Fig. 12. When the airfoil
approaches its maximum angle of attack, oo = 25°, the LEV contin-
ues convecting and is seen to separate from the suction surface
while the other three vortices keep growing in size. It is clearly
seen from Fig. 12 that the shedding of the LEV causes a sudden lift
stall. It should be noted that the magnitude of the vorticity of the
rolling-up vortex becomes significant and the flow from the
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Fig. 11. Turbulent viscosity field with flow streamlines for a pitching cycle for Case I.

pressure side of the airfoil is rolled up into the suction side and
mixes with the shedding LEV. Then the blade begins to retreat.
At o =24.7°, the rolling-up counter-clockwise vortex that pene-
trated from the trailing edge, grows much bigger and interacts in
a complex manner with the clockwise LEV which is detached from
the blade. Then, the rolling-up vortex is shed into the wake. The
two counter-rotating vortices at the leading edge join together into
one vortex at oo =23.7° and it dominates the suction surface until

o =20°. According to the experiments of Raffel et al. [11] and
Leishman [10], this should be the secondary vortex which leads
to a significant increase in the lift during the downstroke motion
and is a characteristic feature of the dynamic stall process at low
free stream Mach numbers. The lift increase is clearly seen in the
sectional lift coefficient curve in Fig. 12. The lift during the down-
stroke phase reaches its maximum value at «=20° when the
strength of the secondary vortex maximises. At the angle of attack
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Fig. 12. The computed sectional lift coefficient of Case 1.

o= 17.6°, the vortex begins to detach from the blade surface while
another pair of couner-rotating vortices appear at the leading edge
and a second rolling-up vortex forms at the trailing edge. Eventu-
ally, all these vortices convect to the wake. The last vortex leaves
the suction surface at o = 6.3°, and the flow completely reattaches
to the airfoil only when the blade returns to its minimum angle of
attack, o = 5°. Therefore, there is a considerable delay in the flow
attachment during the downstroke.

3.3.1.2. Transition development. For low Reynolds number flows, as
studied in this paper, laminar-to-turbulent boundary-layer transi-
tion may play a significant role in the unsteady flow characteristics
[34-36]. Under low Reynolds number conditions, the boundary
layer at the leading edge of the airfoil may still be laminar, and
thus it is unable to resist severe adverse pressure gradients and
hence the flow is subject to separation from the airfoil. The sepa-
rated, but still laminar, flow is highly sensitive to disturbances
and hence experiences laminar-to-turbulent transition. Due to
the ability of the turbulent boundary layer to negotiate the pres-
sure gradient, the flow may reattach to the airfoil and form the
so-called laminar separation bubble (LSB). This bubble may grow

hin reversed flow layer

e

]
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in size and strength with an increase in the incidence angle and
eventually this causes the leading-edge type of dynamic stall [12].

Because, in the k — w turbulence models, the Reynolds stresses
are not modelled and therefore only the turbulent viscosity p; is
available to analyse the flow turbulence characteristics. Usually,
the turbulent viscosity is at least two orders of magnitude larger
than the molecular viscosity for fully developed turbulent flows
modelled using the RANS approach [33]. Based on this point of
view, and by observing the numerical field for the turbulent viscos-
ity ratio,TVR, defined by p/u, as shown in Fig. 11, it is reasonable to
assume that in the present case the transition region corresponds
to the TVR value between 200 and 300. The field for the TVR is in-
spected in order to qualitatively identify the transition develop-
ment near the suction surface of the airfoil. Fig. 11 clearly shows
that in the upstroke phase, when the angles of attack are moder-
ately high (« < 18°), the flow is laminar on the suction surface of
the airfoil. When o reaches about 20°, the transition appears to oc-
cur at the trailing edge. At «=21°, in addition to the upstream
movement of the trailing edge transition region, a laminar separa-
tion bubble (LSB) is formed and the transition within the LSB can
be clearly observed.

The turbulence intensity grows as the growth of the LSB or
rather the LEV with an increase in «. However, it should be ob-
served that there appears to be a relaminarization zone shortly
after the LSV, as shown in the situation when o =22° and 23.7°.
It can be seen that the vortices are the main sources of turbulence
when o = 23-25°. However, it is interesting to note that the turbu-
lence intensity of the vortex behind the left-most vortex is not
strong as it is protected by the upstream vortex. It should be noted
that the turbulence intensity of the flow near the pressure surface
of the airfoil is very low and this explains why the rolling-up vortex
from the pressure surface produces a low turbulence region near
the trailing region of the suction surface, as shown at o =25°,
24.7°downstroke, 17.6°downstroke and 15° downstroke. Unlike in
the upstroke phase, the downstroke phase is more turbulent
since the fully turbulent region still covers more than one half of
the airfoil chord, even at o = 8° at which the flow is almost laminar
in the upstroke phase. The transition point retreats from the
leading edge x ~ 0.2c to the trailing edge x ~ 0.75c, as shown from
o =8-5.3°.

(a) o.= 5.5"on the upstroke.

Flow reversa
n region

mall scale vortices

Flow reattachment

(b) o.= 10" on the upstroke.

Fig. 13. Velocity vectors around the airfoil for Case II. (a) o = 5.5° on the upstroke, (b) & = 10° on the upstroke.
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3.3.2. Flow development for Case II

One feature of the flow development of Case II is the rear-to-
front progression of the trailing edge flow reversal before the
occurrence of the dynamic stall, which is observed in the experi-
ment [16]. Further McCroskey et al. [12] also reported investiga-
tions of the dynamic stall associated with this kind of flow
behaviour. Fig. 13a shows the computed thin flow reversal layer
near the trailing edge on the suction side, which extends to about
0.5c¢ from the trailing edge at o = 5.5°. This reversal gradually prop-
agates towards the leading edge as the AoA increases and reaches
about 0.1c from the leading edge at o« =10° on the upstroke, as
shown in Fig. 13. It should be noted that the thin layer of reversed
flow near the suction side is significantly unstable and easily
breaks down into several small-scale vortices which can be seen
in Fig. 13. As in the LEV, these small vortices also carry pressure
waves, despite the strength being much smaller than the LEV. This
appears to be responsible for the oscillations of the aerodynamic
loads shown in Fig. 7.

Another characteristic of the stall process observed in Case Il is
that the stall is trigged by a turbulent separation at a short distance
downstream of the leading edge bubble, rather than by the burst of
the bubble. This feature is also well captured by the simulations,
since it can be clearly seen from the computed flow field that the
leading edge bubble maintains its existence to a very high angle
of attack. However it appears from the numerical data that the
leading edge bubble is induced to shed vortices from time to time.
The effect of the continuous shedding is similar to the turbulent
breakdown as discussed by Lee and Gerontakos [16]. However,
the predicted onset of the lift stall is earlier than that observed
in the experiments which indicates that the shedding of the LEV
is not accurately simulated.

In this section, the flow development events have been dis-
cussed and the computational results qualitatively capture well
the features of the dynamic stall process, such as the formation,
convection and shedding of the LEV as well as the secondary vor-
tex, and these predictions can provide detailed information on
the flow development.

4. Conclusions

In this study, two URANS models, namely the standard k — w
model and the SST k — w model with transition, have been em-
ployed to simulate the fluid flow around two sinusoidally pitching
NACAO0012 airfoils, in the context of the low Reynolds number re-
gime, Re ~ 10°. The standard k — w model appears too dissipative
to predict the severe adverse pressure gradient near the suction
side of the blade and this causes an over-prediction of the LEV span
in the chordwise direction and an underestimate of the thickness
of the LEV. The SST k — w model presents an improvement over
the standard k — w model and can predict the experimental data
with reasonable accuracy, other than at very high angles of attack
where the flow is fully detached and the 3D effect is expected to be
more significant. The characteristics of dynamic stall, such as the
LEV-dominated flow structure, the aerodynamic load hysteresis
loops, and the secondary vortex in the downstroke phase, is well
captured by the SST k — « model. In addition, a fairly reasonable
development of the flow transition before and during the dynamic
stall can be numerically obtained. In order to obtain a very detailed
understanding of the details of the dynamic stall phenomenon, the
capability of other more advanced CFD methods, such as LES or
DES, needs to be investigated. In particular for the investigation
of the blade/wake interactions in the core of VAWTSs, detailed
and accurate simulations of the vortex formation and shedding in
both low and high AoA in a transient state needs to be investigated.
However, URANS with advanced turbulence models, such as the

SST k — o model as evaluated in this paper, are useful for the fast
design or research intension for low Reynolds number airfoils
and VAWTSs, because they are capable of capturing the experimen-
tal data in a significant part of the flow dynamics.
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