CFD Investigation of 2D and 3D Dynamic Stall
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1 ABSTRACT

Numerical simulation has been performed for 2-D and 3-D dynamic stall cases. Square wings of
NACA 0012 and NACA 0015 sections were employed and results have been compared against
experimental data by Wernert et. al. [14] for the 2-D and Schreck and Helin [12] for the 3-D cases.
The well-known flow configuration of the 2-D dynamic stall case is present on the symmetry plane of
the 3-D cases. Similarities between the 2-D and 3-D cases, however, are restricted on the midspan and
the flowfield changes rapidly as the wing-tip is approached. Visualisation of the 3-D calculations
revealed the same omega-shaped dynamic stall vortex observed in the experiments by Schreck and
Helin [12].

2 INTRODUCTION & LITERATURE SURVEY

Dynamic stall (DS) is known to the rotorcraft community. The phenomenon manifests itself as an
augmentation of lift due to the formation of a large vortical structure over the suction side of a pitching
wing. The dynamic stall vortex (DSV) is eventually shed downstream causing a sudden moment reaction
and an abrupt loss of lift [10]. In the early days of DS, experimentalists attempted 3D experiments but the
lack of computing power led eventually to 2D studies in order for CFD practisioners to test their codes.
Although a significant amount of work has so far been performed, important information is still missing as
regards 3-D and centrifugal effects.

Past Experimental Work on 3D DS
A review of past experimental investigations in 3-D DS indicated that there very few cases available for
validation of CFD for this complex phenomenon. A summary of the findings is presented in Table 1.
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Table 1: Past 3D Experimental Work

In all cases, the experiments were conducted in the incompressible regime, with Mach number varying from
0.01 to 0.3. The geometries have been mainly NACA 0012 and NACA 0015 wings with flat or rounded tips
and splitter plates on the wing root with the exception of the cases studied by Wernert [14], where he used
splitter plates in both ends of the wing to ensure 2-D flow. In their work Wernert [14] have used Particle
Image Velocimetry (PIV) in order to measure the precise velocity field during DS. Their results are therefore
very valuable and unique as they are the only that benefit from such measurements, and they can help to
study the physics of the formation and evolution of the DSV. The work undertaken by the Aerodynamics
Laboratory of Marseilles (LABM) [8] employed an embedded Laser Doppler Anemomety (LDA) technique
in order to provide detailed velocity measurements inside the boundary layer during DS and the experiment
was designed to assist CFD practitioners with their efforts in turbulence modelling for DS. Schreck & Helin
[12] were the first to provide a visual representation of the DSV (Figure 3a) using dye in a water tunnel.
The researchers named the DSV observed 'Omega Vortex, due to its shape. Apart from the flow
visualisation, Schreck and Helin [12] provided a detailed set of surface pressure measurements.

Past CFD work on DS

In parallel to the experimental investigations, CFD studies have so far concentrated on 2-D DS cases. The
earliest efforts to simulate DS were performed in the 70s, [10]. Initially, compressibility effects were not
taken into account due to the required CPU time to perform such calculations [13]. However, in the late 90s,
the problem was revisited by many researchers, [2,6,7] and issues like turbulence modelling and
compressibility effects were assessed. Still, due to the lack of computing power and established CFD
methods, most CFD work done until now has been focused on CFD code validation rather than the
understanding of the flow physics. Barakos & Drikakis have assessed several tubulence models in their 2D
study [2], stressing their importance in the accurate representation of the flow-field encountered in DS.
Recently, Barakos and Drikakis [3] have presented results for an extensive range of cases and have analysed
the flow configuration for the 2D case. The only 3D CFD work done to date has been performed by
Ekaterinaris [6] who showed that 3D computations are possible; comparison nevertheless with experiments
was very limited. The present work, therefore, is to our knowledge the first attempt to investigate the
physics of the fully 3D DS phenomenon. Results are presented here for the cases by Wernert et al. [14] and
Schreck and Helin [4] in order to highlight the differences between the 2-D and 3-D flow configurations.



3 CFD TOOLS

CFD Solver

The CFD solver used for this study is the PMB code developed at the University of Glasgow [4]. The code is
capable of solving flow conditions from inviscid to laminar to fully turbulent using the Reynolds Averaged
Navier-Stokes (RANS) equations in three dimensions. These equations are non-dimensionalised and
transformed from a cartesian reference system to a curvilinear one before being solved. The use of the
RANS form of the equations allows for fully turbulent flow conditions to be calculated with appropriate
modelling of turbulence. The turbulence model used for this study has been the standard k—@ turbulence
model [4], however, many other turbulence models are available. To solve the RANS equations, a multi-
block grid is generated around the required geometry, and the equations are discritised using the cell-
centered finite volume approach. Convective fluxes are discretised using Osher's upwind scheme is used
because of its robustness, accuracy and stability properties. Third order accuracy is achieved using a
MUSCL interpolation technique. Viscous fluxes are discretised using central differences. Boundary
conditions aree set using sets of halo cells. The solution is marched implicitely in time using a second-order
scheme and the final system of algebraic equations is solved using a conjugate gradient method.

Grid Generation

Meshing finite wings imposes a generic problem in the tip region as a single-block approach will (a) render
flat tips topologically impossible and (b) lead into highly skewed cells in the case of rounded tips. For that
matter two different bloking strategies were implemented as shown in Figure 1. In a first attempt (Figure
1a) the tip end is formed by an array of collapsed cells resulting in a C-H single-block topology. Although
this is adequate for thin sharp tips it fails to represent the tip geometry of wings with thicker sections or flat
tips. For such cases, better results can be obtained, generating a true multi-block topology (Figure 1b) where
the tip constitutes one of the six sides of a new block extending to the farfield. The latter approach is capable
of describing both flat and rounded tips and has been found to be more robust and accurate in the near tip
region. Other approaches including H-H and C-O topologies have also been investigated.

4 INDICATIVE RESULTS

The aim of the present work is to compare the 2-D and 3-D flowfields and to establish the differences
between the two. Starting with 2-D cases, Figure 2 compares the flowfield configurations for the case by
Wernert et al. [14] along with the present CFD results. Three angles of attack were selected during the
upstroke part of the oscillation cycle where the DSV is fully formed. The CFD calculations were performed
at exactly the same conditions as the experiment, imposing a sinusoidal pitch on the blade of the form:
0o=15-10cos(kt) at a reduced pitch rate of k=0.15. The Reynolds number (based on the chord length) was
3.73-10° while the Mach number was kept to M~0.1. The comparison between CFD and experiments is
remarkably good for this case and the DSV is predicted at the same position as the experiments indicate.
Detailed comparison between CFD and the PIV data will be presented in the final paper including a detailed
grid and time-convergence study carried out to guarantie the validity of the CFD predictions.

A second set of calculations is devoted to the experiment of Schreck ef al [12]. Figure 3a presents a
comparison between experiments and CFD for the fully formed omega-shaped vortex. The agreement in the
overall shape is remarkable. A set of snap-shots from the CFD calculations is presented in Figure 4 where
the core of the DSV and streamlines are presented. One may see that on the mid-span of the wing the flow
looks like the 2D cases of Figure 2. However, as the DSV is formed, the core of the vortex stays bound to
the LE region of the wing-tip while the main part of the DSV is conveved downstream. As the DSV grows
in size and its core moves above the surface of the wing, the omega-shape appears due to the fact that near
the win-tip the vortex is still bound. The phenomenon becomes more and more interesting as the tip vortex
gets formed leading to a [] — Q vortex configuration. Interestingly enough the secondary vortices formed
below the DSV also appear to take the same omega shape. Further comparisons against measurements are
presented in Figure 3b and 3c where Cp contours on the upperside of the wing are plotted. Overall the shape
and level of the contours agrees with the measured data with the agreement getting better at higher incidence
angles. The reason for this descrepancy we believe, lies in the fact that the experimentalists have used a
splitter plate on the wing root with unknown surface qualities and size comparable with the DSV vortex size
(the splitter plate diameter was equal to two cord lengths). Again, detailed comparisons including grid
refinement and time-convergence studies have been carried out and results will be presented in the final

paper.
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Figure 3: 3a) The 'Omega’ vortex as shown from the visualisations performed by Schreck & Helin
(left) and the CFD representation of the same structure (right), 3b, 3c) Comparison of Cp
distributions on the suction surface of the wing for AOA of 29.6 and 40.9 respectively.
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Figure 4: Vortex cores (left) and streamtraces (right) for the Schreck case,
a) 13°deg, b) 20°deg, c) 25°deg and d) 28"deg



8 CONCLUSIONS

Numerical simulation of the 3-D dynamic stall phenomenon has been undertaken and results have been
compared against experimental data and 2-D calculations. For all cases, CFD results compared favourably
against experiments. The 3-D structure of the DSV is revealed and was found to agree well with the only
flow visualisation study performed so far. The evolution of the 3-D DS phenomenon was also presented.
The main conclusion of this work is that similarity between 2-D and 3-D calculations is good only in the
mid-span area of the wing while the outboard section is dominated by the omega-shaped vortex. The flow
configuration near the wing tip is far more complex with the tip vortex and the DSV starting from the wing

tip.
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