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Abstract

The RANS code Fluent 6TM is used to predict the flow field around a pitching
NACA 0012 airfoil. Experimental data for this unsteady flow field is widely avail-
able for validation. A hybrid mesh was employed in the computational domain and
different mesh configurations were tested and the results were compared. Several
turbulence models such as k-ε and k-ω were tested and the results were also com-
pared. The turbulence model that gives the best agreement with the experimental
data is SST k-ω with y+ value set to 1. Mesh and time step dependence studies
were also performed and it was found that the results were not affected by varying
these parameters.

Nomenclature

cl Drag coefficient
cd Lift coefficient
cm Pitching moment coefficient
k Turbulence kinetic energy
F+ Reduced frequency
L Length of the object
w Natural frequency
y+ Local Reynolds number
α Angle of vibration
αmax Maximum angle of pitch
αmin Minimum angle of pitch
dα Range of the angle of pitch
ε Dissipation rate of turbulence
ω Specific turbulent dissipation rate
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1 Introduction

Dynamic stall is an unsteady phenomenon that only occurs when lifting surfaces
such as an airfoil pitch unsteadily to angles exceeding the static stall angle, caus-
ing the aerodynamic lift to increase beyond the maximum value for unstalled con-
ditions. The aerodynamic forces and moment overshoots are usually associated
with the formation of the dynamic stall vortex (DSV) which first appears at the
leading edge of the lifting surfaces (in this case it is an airfoil) and travels along
the lifting surfaces until it separates at the trailing edge. However, after the DSV
detaches from the airfoil and moves into the wake, the lift decreases abruptly.
Some researchers relate these overshoots to the delay of the separation rather than
the formation of the dynamic stall vortex [1].

Over the past three decades, the dynamic stall phenomenon has been investi-
gated through experimental and numerical approaches and significant progress has
been made to understand the general features of the dynamic stall. Examples of
past theoretical and experimental works can be found in Theodore [2], McCroskey
[3], and Ohmi [4]. More recent experimental works can be found in Panda et al [5]
and Coton et al [6]. Examples of numerical works can be found in the papers of
Akbari [1], Carr [7], Tuncer [8], Ekaterianris [9], and Barakos [10]. These numer-
ical studies have analysed the dynamic stall phenomenon in laminar and turbulent
flow conditions.

In the present work, the dynamic stall characteristics of a pitching NACA 0012
airfoil were investigated. The RANS solver Fluent 6.1TM was used to predict this
unsteady flow problem. The objective of this investigation is to test the capability
of Fluent to predict the dynamic stall phenomenon. Calculations were conducted
with different turbulence models and near-wall treatments and the predictions were
compared with previous experimental results [11].

2 Numerical method

The incompressible Reynolds-averaged Navier–Stokes (RANS) equations were
modelled. This investigation focuses on the two-equation k-ε and k-ω turbulence
models. The SIMPLE algorithm was used for pressure-velocity coupling and sec-
ond order spatial discretization was used for all the equations.

2.1 Geometry, mesh and boundary conditions

Figure 1 shows a schematic diagram of the computational domain. The size of
the computational domain was chosen in order to obtain a domain-independent
solution.

A hybrid mesh was employed to ensure accuracy of the flow simulations near the
wall surfaces. Quad cells were used around the airfoil while triangular cells were
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Figure 1: Computational domain of the pitching airfoil.

Figure 2: Rotating control domain for near-wall region.

used in the core of the flow. A mesh separation method was used so that when the
airfoil rotates, its neighbouring quad cells also move with it. Hence the portion of
quad cells remains unchanged thus maintaining the highest possible accuracy for
the flow prediction near the wall (see Figure 2).

The prescribed pitching motion is based on the harmonic oscillation equations
shown in the equation 1.

α = αmin +
1
2
(αmax − αmin)(1 − cos(ωt)) (1)

The unsteady motion of the pitching airfoil is characterized by the reduced fre-
quency of the oscillation. This is defined by equation 2. In the current study, the
reduced frequency was chosen to be 0.15, the same as in the experiment.
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Table 1: Two equations turbulence models with specified symbols.

Turbulence Model Wall Treatment No of cells Symbol

standard wall function 26670 kε I

k-ε non-equilibrium wall function 26670 kε II

two-layer near wall model 28370 kε III

standard wall function 26670 rkε I

reliazable k-ε non-equilibrium wall function 26670 rkε II

two-layer near wall model 28370 rkε III

k-ω standard wall function 26670 kω I

two-layer near wall model 28370 kω II

SST k-ω standard wall function 26670 SST kω I

two-layer near wall model 28370 SST kω II

F+ =
ωL

2u∞
(2)

2.2 Testing condition and analysis

A time step of 1×10−3sec was chosen and 60 sub-iterations per time step were
performed.The Reynolds number, based on the freestream velocity was 1×106.
The airfoil cycle starts at α=50 and the airfoil cycle amplitude is 200. The solutions
were computed with four main turbulence models, namely the k-ε, realizable k-ε,
k-ω, and SST k-ω. Each turbulence model is tested with two or three different
wall treatment approaches. If a wall function is used, then the wall y+ value will
be in the range of 30 to 60, whilst if a wall function is not in used, the wall y+

approaches 1. Table 1 shows all the turbulence models that were used with their
symbols. Calculations were run for several cycles until periodicity was observed
in the solutions. The simulations were performed using a serial version of Fluent
code and time taken for most cases took about 72 hours on a Intel Pentium IV
2.66GHz.

3 Result

3.1 Validation of RANS turbulence models

Results for k-ε and rk-ε are shown in Figure 3. The lift coefficient values for k-ε
I and II were predicted well for the early upstroke stage, but both models per-
formed poorly when the airfoil approached 250 and during the downstroke cycle.
The cd and cm plots (see Figure 3 ((b)-(c))) show that both models delay the
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Figure 3: Hysteresis loops for k-ε ((a)-(c)) and rk-ε((d)-(f)).

DSV separation (notice that the rapid increase in predicted values of cd and cm

was delayed). It can be concluded that k-ε model does not have the capability
to predict the nature of the dynamic stall. Meanwhile, the rk-ε I and II models
managed to predict the essential features for the upstroke stage (see Figure 3((d)-
(f))). However, the difference between the experimental results and the rk-ε I and
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Figure 4: Hysteresis loops for k-ω ((a)-(c)) and SSTk-ω((d)-(f)).

II remains large for the high angle of attack. Nevertheless, both models man-
aged to capture the formation and the detachment of the trailing edge vortex at
the early stage of the downstroke. It is also clear that the rk-ε gives better agree-
ment compared to standard k-ε. This superior performance is more pronounced in
the cl hysteresis loop. These trends were expected as rk-ε is designed to improve
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Figure 5: Solutions dependency study.

computations of separated flows. One also can see that having y+ value equal to 1,
did not help to improve the predictions.

Figure 4 shows the lift, drag, and pitching moment hysteresis loops for k-ω and
SST k-ω turbulence models. From the figures (see Figure 4 ((a)-(c))), it can be
seen that the k-ω I and II managed to capture the trend of the hysteresis loops.
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Table 2: Various mesh size with specified symbols.

Turbulence Model Mesh Size Symbol

28370 sst kω mesh I

SST k-ω 52573 sst kω mesh II

78627 sst kω mesh III

109025 sst kω mesh IV

Both models give reasonable agreement with the experimental data during the
upstroke stage, but differed significantly for the downstroke stage. The lift over-
shoot during the downstroke stage probably was caused by the formation of a
strong trailing edge vortex. This second vortex initially grows in size and then
detaches from the airfoil surface and convects in the wake. The drag hysteresis
loop shows that there was an early separation of DSV from the airfoil surface.
Overall performance of both models are sufficient to predict the mean features
of the dynamic stall phenomenon. Although the difference between computation
and experimental data remains large, the general features of the flow are predicted
reasonably well.

Meanwhile Figure 4 ((d)-(f)) show that SST k-ω I and II predictions are in good
agreement with the experimental results for the upstroke stage. In fact, the differ-
ence is smaller compared to the other turbulence models that have been tested.
The SST k-ω I model predicts the lift overshoot nearly the same as the experi-
ments. However, this model still fails to predict the formation of the trailing edge
vortex. Meanwhile the SST k-ω II managed to predict the formation of the trailing
edge vortex and its detachment. From the cm hysteresis loop (see Figure 4 (f)), it
can be seen that SST k-ω delays the separation of the dynamic stall vortex.

Overall performance is satisfactory especially for SST k-ω II turbulence model.
This turbulence model will be used for all the 2D computation in the remainder of
this work.

3.2 Time step and mesh dependency analysis

Figures 5((a) to (c)) show the hysteresis loops for SST k-ω with the time step of
1×10−3 sec (SST k-ω time step I) and 5×10−4 sec (SST k-ω time step II). One can
see that varying the time step value, does not significantly affect the computational
results. However, for the cm value, the lower time step gives a more stabilized
solution with fewer oscillations during the downstroke stage.

Table 2 shows the symbols used for each model with different mesh size while
figures 5((d) to (f)) show the hysteresis loops of various mesh size. The refinement
of the mesh is focused on the suction surface of the airfoil as most of the crucial ele-
ments of the dynamic stall phenomenon occur on this surface. From these figures,
it can be clearly seen that there is no significant change during the upstroke stage.
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The cl loop shows that the increment of the mesh will reduce the gap between the
computational and experimental results at the beginning of the downstroke stage.
This increment also induces oscillations of cl and cm during the downstroke stage.

It must be observed that the time step and mesh independent predictions of the
cm hysteresis loop have not been obtained. This implies that the predicted pressure
distribution and evolution of the DSV are not time step or mesh independent.

4 Conclusion

A RANS code has been used to predict the flow field around a pitching NACA
0012 airfoil.The results demonstrated that the best turbulence model that gives the
best agreement with the experimental data is SST k-ω with y+ value is set to 1.
It was also found that the cl and cd were not effected by varying the time step and
mesh parameters. However it was observed that time step and mesh independent
predictions for the cm hysteresis loop could not be obtained.
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