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Introduction

T HE term dynamic stall refers to the unsteady separation and
stall phenomena of aerodynamic bodies or lifting surfaces that

are forced to execute time-dependent motion, oscillatory or other-
wise. It is a complex � uid dynamic phenomenon of practical impor-
tance and occurs on rapidly maneuvering aircraft, retreating heli-
copter rotor blades, � uttering compressor blades, and wind turbines.
As summarized in extensive reviews by McCroskey1 and Carr,2 the
unsteady � ow� eld generated when the airfoil reaches fairly high
angles of attack during the oscillatory cycle and past the static stall
angle limit is characterized by a massive unsteady separation and
large-scale vortical structures. One important difference between
this � ow� eld and that generated by the static stall is the large hys-
teresis in unsteady separation and reattachment of the vortex.

One reason why the � ow� eld associated with dynamic stall is
more dif� cult to analyze than the static stall is its dependence on
a much larger number of parameters, the most important being air-
foil shape, Mach number, reduced frequency, amplitude of oscilla-
tions, type of motion (ramp or oscillatory ), Reynolds number, three-
dimensional effects, and wind-tunnel effects. The primary objective
of the present study is to show the in� uence of the stall on different
airfoil shapes.

Numerical Methods
The unsteady incompressible Reynolds-averaged Navier–Stokes

equations (RANSE) are used to predict the stall of an airfoil. The
RANSE are written in primitive formulation of the partial trans-
formation and in a conservation form. The Cartesian velocity com-
ponents and pressure share the same location at the center of the
control volume. The numerical method uses a consistent physical
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reconstruction for the mass and momentum � uxes, the so-called con-
sistent physical interpolation approach. This method is presented in
detail by Deng et al.3 for laminar problems and is extended to tur-
bulent � ow problems by Guilmineau et al.4 The momentum and
the continuity equations are solved in a segregated way, using the
pressure implicit with splitting of operators algorithm. A second-
order-accurate, three-level fully implicit time discretization is used.

In the present work, three turbulence models are used: the
Baldwin–Barth (B–B) model,5 which solves an additional equation
for the turbulent Reynolds number, and both versions of the Menter
K–x model6 [baseline version (BSL) and shear-stress transport ver-
sion (SST)], which solves a � rst equation for the turbulent energy K
and a second equation for the speci� c turbulent dissipation rate x .

Results
Before presenting the results, some numerical parameters need to

be speci� ed. For each time step, a reduction of nonlinear residuals
for the discrete momentum equations is required. By default, we use
10 nonlinear iterations by time step. The presented results focus on
the third period of oscillations. All tests have shown that, in contrast
to the � ndings of Raffel et al.,7 the repeatability of calculations is
good between the third cycle and those following. The oscillatory
motion about the quarter-chord is de� ned by the time-dependent
angle of attack

a D a 0 C D a cos(2p f t) D a 0 C D a cos(2kt ¤) (1)

where k is the reduced frequency, k D 2p f c/ 2U1, and t¤ the nondi-
mensional time, t¤ D tU1/ c.

All results to be presented were calculated using a 202 £ 90 grid
with a nondimensional time step of D t D 0.005. The mesh is numer-
ically generated by using a conformal mapping technique. The � rst
points in � uid are located at yC D 1 away from the wall, and the outer
� ow boundary is located at 15 chord lengths away from the airfoil.
For validation of unsteady, fully turbulent solutions, the experimen-
tal measurements 8 are used, which correspond to the deep-stall case.
The Reynolds number, based on the airfoil chord length, is Re D 106.
In this Note, the computations were obtained from three airfoils: the
NACA 0012, the Sikorsky SC-1095, and the Vertol VR-7.

NACA 0012 Airfoil
The � rst considered case is that of a NACA 0012 airfoil with

a 0 D 15 deg, D a D 10 deg, and k D 0.15. The nondimensional pe-
riod of the motion is T ¤ D 20.94. Two turbulence models have been
tested: the B–B model and the SST K– x model.

Let us consider an oscillation period starting from the minimum
incidence (5 deg). As the airfoil reaches the proximity of the static
stall angle ( a S ¼ 12 deg), the � ow� eld is still fully attached. Bound-
ary layers on the upper surface, however, have grown considerably.
Separation occurs around 20 deg. As the incidence increases, the
dynamic stall vortex develops in both cases near the leading edge,
although later with the K–x model than the B–B model. This vortex
is well known to be responsible for higher lift forces than those oc-
curring at � xed incidence. At a D 23.6 deg, the dynamic stall vortex
is composed of a double structure with the B–B model. Twin eddies
appear later with the K– x model. As the airfoil incidence increases,
a trailing-edge vortex is observed. At the maximum incidence, the
velocity � eld changes drastically, and the dynamic stall vortex sep-
arates from the airfoil near the leading edge. As the trailing-edge
vortex grows, the dynamic stall vortex lifts from the upper airfoil
surface. This vortex takes place during a small fraction of the cycle,
but its growth provokes a large oscillation lift coef� cient. As the
incidence decreases, the vortex core passes off the trailing edge at
24.6 deg with the K –x model and at the maximum incidence with
the B–B model. Such values can be compared with the value of
24.8 deg observed in the experimental study.9 The shedding of the
trailing-edge vortex is observed at 24.5 deg with the B–B model and
at 24 deg with the K–x model. Some secondary weak vortex struc-
tures subsequently develop. They are later shed into the wake. As
the incidence decreases, the � ow reattachment process starts from
the leading edge downward. At a D 7.4 deg, the reattachment of the
� ow occupies 60% of the chord in both turbulence models. In the
experimental study,9 it was reported that the complete reattachment
occurred at a ¼ 7 deg. The evolution and the shedding of vortex
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Fig. 1 Hysteresis loops, NACA 0012.

predicted by the simulations with the SST K– x turbulence model
seem to be in keeping with the results of Tuncer et al.,10 who use
the Baldwin–Lomax model.

Hysteresis loops are presented in Fig. 1. Similar tends are found
in both models during the upstroke phase, which shows a linear
increase in the computed lift coef� cient until the dynamic stall vor-
tex reaches the trailing edge. Then the vortex suction grows, and it
causes a considerable increase in lift. The computed maximum lift
coef� cient is overestimated with both models. The point of maxi-
mum lift de� nes the stall angle. Thus, the B–B model is unable to
predict this angle. During the downstroke, the K– x model gives a
closer � t to experimental data8 than the B–B model. Following the
shedding of the trailing-edge vortex, the lift decreases rapidly. As
the � ow reattaches at the trailing edge and as the secondary vor-
tex structures develop, the lift curve � attens. The minimum lift is
observed just before the � ow fully attaches to the upper surface.
Similarly, the drag coef� cient experiences a rapid increase with the
development of the dynamic stall vortex. The time history of the mo-
ment coef� cient also follows the development of the � ow closely.
As the leading-edge suction grows, the nose-down pitching moment
increases slowly. Just as the dynamic stall vortex is shed, the moment
coef� cient is minimum. As the moment stall recovers, the trailing-
edge vortex formation causes another indentation along the return
cycle about 20 deg downward. It is then driven to its maximum
value at a D 10 deg. At this point, the � ow terminates its reattach-
ment along the upper surface. For all aerodynamic coef� cients, the
results with the K– x model give a closer � t to experimental data
than those of Tuncer et al.10

Sikorsky SC-1095 Airfoil
The second case is a Sikorsky SC-1095 airfoil. The oscillatory

motion is de� ned by a 0 D 15 deg, D a D 10 deg, and k D 0.1. The
nondimensional period of the motion is T ¤ D 31.415. Three tur-
bulence models have been tested: the B–B model, the BSL K– x
model, and the SST K –x model.

Figure 2 presents the unsteady airloads calculated with different
turbulence models. The � rst conclusion is that the B–B model gives

Fig. 2 Hysteresis loops, SC-1095.

� uctuations. Similarly for the NACA 0012 airfoil, during the up-
stroke, the lift is underpredicted with all three of the turbulence mod-
els. None of the three models predict the stall angle. The maximum
lift coef� cient is superior to that of the earlier case. The downstroke
is not predicted correctly by any of the three models, in particular the
B–B model. For the drag coef� cient, the rapid increase, correspond-
ing to the development of the dynamic stall vortex, is unestimated.
The maximum drag coef� cient value is slightly superior to that of
the NACA 0012 airfoil. During the upstroke, the moment coef� cient
shows a plateau in the data. This plateau is overpredicted.

The mean-� ow streamlines at the maximum incidence a D 25 deg
(not shown) present different features according to the turbulence
models used. With the SST K –x model, the leading-edge vortex
spreads over the upper surface. A trailing-edge vortex exists with
both remaining models; with the B–B model, it is shed. The leading-
edge vortex does not have the same structure as the B–B model and
the BSL K– x model. With the K –x model, the leading-edge eddy
is composed of a double structure.

Vertol VR-7 Airfoil
We now turn to the case of Vertol VR-7 airfoil pitching. The

pitching motion is de� ned by a 0 D 15 deg, D a D 10 deg, and k D 0.1.
The turbulence models used are those in the preceding case.

The hysteresis loops obtained from computations with the differ-
ent turbulence models are compared with the experiment in Fig. 3.
The lift coef� cient is underestimated with all models during the
upstroke, and the stall angle is overestimated, particularly with the
B–B model and the BSL K –x model. The SST K–x gives a good
computed maximum lift coef� cient, whereas the BSL K– x model
overestimates it, and with the B–B model it is extremely underes-
timated. This value is similar to these found for the Sikorsky SC-
1095 airfoil. The downstroke is not correctly predicted by any of the
turbulence models. We obtain a trailing-edge vortex shedding that
introduces a change of curve more or less early, depending on the
turbulence model used. The plateau at the end of the downstroke is
found only with the B–B model. For the drag coef� cient the upstroke
is not correctly predicted with any of the three turbulence models.
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Fig. 3 Hysteresis loops, VR-7.

Its computed maximum value is overestimated with all models. This
experimental value is extremely inferior to those found for the pre-
ceding case. The negative damping of the computed moment coef-
� cient found with all of the turbulence models does not exist in the
experimental data. None of the models give results that correspond
to experimental data. The minimum experimental moment coef� -
cient is ¡0.37 as for the Sikorsky SC-1095; this value is ¡0.49,
and for the NACA 0012 it is ¡0.45. Therefore, this is the weaker
minimum.

Instantaneous streamline pictures are used only for qualitative
comparison of different turbulence models. For all airfoil shapes
used, with the SST K– x model turbulence model, the leading edge
vortex spreads over the upper surface. With a NACA 0012 airfoil
or a VR-7 airfoil, a trailing-edge vortex exists and the leading-edge
vortex begins to shed. The BSL K– x model predicts a trailing-edge
eddy on the SC-1095 and VR-7 airfoils.

The � ow difference between both airfoil shapes is the leading-
edge vortex structure. On the SC-1095 airfoil, it is composed of a
double structure. A trailing-edge eddy is predicted with the B–B
turbulence model. On the SC-1095 airfoil, it is shed. The leading-
edge vortex is composed of the same structure on the NACA 0012
and VR-7 airfoils.

Conclusions
The unsteady two-dimensional � ow� eld of an oscillating airfoil

is calculated with the intention of evaluating the ability of one- and
two-equation turbulence models to predict the unsteady separated
� ows of dynamic stall. Several airfoil shapes are used. For all test
cases, the lift hysteresis, predicted by all turbulence models, is un-
derestimated during the upstroke. The B–B model performs poorly
in predicting pitching moment for all airfoil shapes. A difference
exists between results given by the BSL and SST K –x turbulence
models, but neither model can be quali� ed as better than the other.
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Introduction

T HERE exists for � ows past certain airfoils, near the onset of
stall, a naturally occurring unsteady � ow oscillation that is very

low in frequency, with the Strouhal number typically on the order
of 0.02. Here the Strouhal number is de� ned as Sr D f c sin a / U1,
where f is the oscillation frequency, c is the airfoil chord, a is the
angle of attack, and U1 is the freestream speed. This low-frequency
� ow oscillation was studied in detail at low Reynolds numbers for an
LRN(1)-1007 airfoil by Zaman et al.,1 who concluded that the � ow
oscillation involved quasiperiodic switching between stalled and
unstalled states. Evidence gathered from oil-� ow and laser-sheet-
� ow visualization led Bragg et al.2 to suggest that the unsteady
stall was related to the growth and bursting of a laminar separation
bubble. The oil-� ow visualization also showed that the � ow� eld
leading up to stall was two dimensional. 3

Received May 27, 1998; revision received Sept. 19, 1998; accepted for
publication Sept. 23, 1998. Copyright c° 1998 by A. P. Broeren and M. B.
Bragg. Published by the American Institute of Aeronautics and Astronautics,
Inc., with permission.

¤Graduate Research Assistant, Department of Mechanical and Industrial
Engineering, 140 Mechanical Engineering Building, 1206 W. Green Street.
Member AIAA.

†Professor, Department of Aeronautical and Astronautical Engineering,
306 Talbot Laboratory, 104 S. Wright Street. Associate Fellow AIAA.


