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Numerical Investigation of Dynamic Stall Control
via Airfoil Thickness Variation
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Seoul National University, Seoul 151-742, Republic of Korea

Numerical experiments are conducted to investigate the effects of deformation control strategy in a dynamic
stall control via active thickness variation. The aim is to clarify the dominant control parameters for an optimal
thickness variation strategy. To achieve this goal, the thickness variation strategies are determined by superposing
two components, a linear variation and a curved one. The effects of the control parameters on the lift stall angle,
the moment stall angle, the maximum lift coefficient, and the maximum negative pitching moment are thoroughly
examined. The results indicate that dynamic stall characteristics have a strong dependency on the thickness
variation strategies of each phase. From the detailed analyses, it is found that 1) the variation strategies in the
upstroke have a significant effect on the vortex formation at the leading edge and the vortex shedding speed is
dependent of the thickness variation in the downstroke, 2) the dominant parameters in this control strategy are
the sign and the magnitude of the curved variation, and 3) there exists an optimal thickness variation strategy to
control of lift characteristics or moment characteristics.

Nomenclature
CL max maximum lift coefficent
Mmax = Maximum pitching moment coefficent
= maximum thickness of the airfoil at a given

angle of attack
Teurved = sinuous thickness variation strategy,

TSmax X Sil’l[(O{ - C{1)/(0‘52 - al) X 77]
T} max = thickness difference between 7T ,,x and 75 .
Tiinear = linear thickness variation strategy,

Tl max + (Ot - C{1)/(0‘52 - al) X TL max
T max = amplitude of the sinuous thickness variation
strategy function

Tootal = final thickness variation strategy, Tjnear + Teurved

T} max = maximum thickness of NACA0O012 airfoil at 5-deg
angle of attack

T5 max = maximum thickness of NACAO0016 airfoil at 25-deg
angle of attack

O CL max angle of attack corresponding to the maximum
lift coefficient

O/CM max angle of moment coefficient was abruptly decreased

AT,.x = ratiobetween the linear variation and the curved
thickness variation, s max / 71 max

8T /St = instantaneousvelocity perturbation by the change of
airfoil thickness

Subscripts

D = downstroke

U = upstroke

Introduction

YNAMIC stall refers to a series of complicated aerodynamic
phenomena accompanied by a stall delay of an airfoil in un-
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steady motion. In most cases, once the dynamic stall occurs, it may
lead to an abrupt fluctuation of aerodynamic forces and impose
excessive loads on structures. It is, therefore, regarded as a crucial
factor that limits the ability of an aircraft or a helicopter to per-
form high-agility maneuvers. In past years, many experimental and
numerical studies have been devoted to improve the aerodynamic
characteristics of the dynamic stall, thereby to enlarge the flight
envelope. All of such efforts can be roughly categorized as being
either passive or active control measures to meet the goals.! Passive
control methods are intrinsically unable to adjust to changing flow-
fields. Because of this, the active control methods have attracted
more interest recently. Unlike passive control methods, active con-
trol strategies are based on the idea that the onset of flow separa-
tion might be delayed by directly supplying kinetic energy into the
boundary layer, enhancing the turbulent entrainment rate. Concep-
tually, active control methods can be divided again into two cate-
gories, one for stationary and the other for moving control devices.
Thus far blowing,>® suction,*~® oscillatory surface heating,” and
acoustic excitation® have been suggested for motionless devices.
Examples in which motion of the control device is employed are
moving surface, buzz,'® thickness variation,!! oscillating flap,'>!3
and deformable leading edge.!*!> The merits and demerits of each
method can be found in the references.

Among the active control concepts mentioned, Geissler and
Raffel have studied the feasibility of dynamic stall control via
active thickness variation by means of numerical analysis and
experiments.!! The research results showed that the overall aero-
dynamic characteristics are greatly influenced by the strategies of
the thickness variation. The concept of thickness variation is rela-
tively simple and has an advantage of increasing the maximum lift
without invoking the earlier drag divergence and moment stall.'!
Moreover, it becomes more possible to realize this concept judging
from the current developmentof smart materials and flexible airfoil
shell. As implied in Ref. 11, the remaining question is how to de-
termine the appropriate control strategies of the thickness variation
because the flowfields have quite different characteristicsaccording
to the control strategies even when the magnitudes of the allowable
thickness variation are the same.

In this study, the general characteristicsof aerodynamicresponses
according to the variations of control strategies are explored, and
preliminary results are presented. The present research includes
the following objectives: 1) investigation of aerodynamic charac-
teristics according to the control strategies of thickness variations,
2) determinationof the control parameters that have dominantinflu-
ence on the characteristicsof the flowfields, and 3) rough suggestion
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of the optimal strategy of thickness variation that can produce the
best dynamic stall characteristics.

Numerical Methods

Governing Equations

Because dynamic stall includes complex aerodynamic phe-
nomena such as massive separation and vortex shedding, two-
dimensionalunsteady Navier-Stokes equationsare employedin this
work:
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where, conservative variable vector Q@ =[p, pu, pv, pe, k, »].

The third-order upwind biased Roe’s flux difference splitting
(FDS) is used for spatial discretization. MUSCL with Koren limiter
is also introduced to attain higher-order spatial accuracy. For tem-
poralintegration, Lower Upper-Symmetric Gauss Seidal (LU-SGS)
is used together with dual time-stepping method.®

Until now, no turbulence model has been available to predict a
massively separated flowfield with sufficient accuracy. The present
study employs a baseline-SST (shear stress transport) turbulence
model because it is known to yield relatively reliable results in
the dynamic stall problem.'® The baseline-SST turbulence model
has been suggested by Menter as a mixed form of k-¢ and k-w
model by way of the blending function F;, which enables auto-
matic switching to the appropriate model in response to the flow-

Oscillating Airfoil Motion
+ Thickness Variation

M_=0.283

NACA0012

o= 15"+ 10° sin(®r)

Fig. 1 Schematic of thickness variation on an oscillation airfoil.

2max

L-max

Thickness
—

lmax | l

field characteristics!” The details can be found in Ref. 17. It is
known that the computational efficiency is better for the case that
the turbulence calculation is sequentially performed after the flow
solver. However, numerical convergency may become worse in such
a sequential process. Therefore, in the present study, the turbulence
routine is simultaneously solved with the flow solver.

The boundary conditions are specified as follows. On the solid
wall the velocity is specified to the airfoil velocity to consider time-
dependent motions. The pressure on the wall is evaluated from
the normal momentum equation. At the inflow, freestream condi-
tions are specified for velocity and pressure, and one-dimensional
Riemann invariant extrapolation is used to obtain the density. At
the outflow, freestream pressure is specified, and one-dimensional
Riemann invariants are used to obtain the velocities and the density
from the interior.

Dynamic Grid System

When the body of interest undergoes geometric deformation with
time, it would be necessary to reconstruct the grid system at each
time step. However, because this would involve an excessive com-
putational expense, the grid system has been obtained by a simple
extrapolationtechnique suggested by Chyu et al. in Ref. 18. There-
fore, at the end of the downstroke, the airfoil takes the shape of a
NACA 0012 airfoil, whereas at the end of the upstroke it takes the
shape of a NACA 0016 airfoil.

Figure 1 shows a simple schematic of the thickness variation
procedure.ltis clear from Fig. 1 thatthereexist velocity components
orthogonal as well as parallel to the airfoil surface. Note that the
time-dependent thickness variation generates not only a change in
the geometric shape but also a velocity perturbation.

The thickness of the airfoil at a given time is determined by su-
perposing the baseline linear thickness variation strategy (TVS) and
the sinusoidal function as shown in Fig. 2:

Tlotal = Tlinear + Tcurved (2)
o = a; + o, sin(wt) 3)

Tlinear = Tl max + [TL max/(a2 - C{1)](0‘! - al)

TL max — T2 max Tl max (4)
Tcurved = TSmax X Sil’l[(O{ - C{1)/(0‘52 - C{l)ﬂ] (5)
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. 2 Superposition of linear and curved TVSs.
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Results and Discussions

Code Validation
The code has been validated for the oscillating NACA 0012 air-
foil. The flow conditions are'’

M, = 0.283, o = oy + a, sin(wt)

oy = 15 deg, o, = 10 deg, Re =3.45E6 (6)

with reduced frequency
k=w/2M, =0.151 @)

Figure 3 shows the histories of the aerodynamic coefficients over
a single period. The calculated maximum lift coefficient is 2.122
and shows good agreement with the experiment, 2.146. However,
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Fig. 3 Comparison of numerical solution with experiment:
Mo =0.283, a =15 deg + 10 deg sin(wT), Re =3.45 X 10°, and k = w/
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there is a slightdiscrepancyin the stall angle by 0.5 deg between the
experiment (22.43 deg) and calculation (23.09 deg). Moreover, the
calculated lift coefficients have slightly lower values during the up-
stroke phase than the experimentalresults. The calculationaccuracy
is found to be rather sensitive to the transitionpointin the turbulence
model; it is already known that transition flow at the leading edge
has a great effect on the ensuing development of overall unsteady
flowfields.?® At the early stage of the downstroke phase, the normal
force increases due to the influence of trailing-edge vortex, and after
it is separated from the airfoil, the normal force decreases gradu-
ally. The predictionaccuracyin this region is very dependenton the
choice of turbulence model. The baseline SST model is exclusively
used in this study because, for the given flow conditions, some nu-
merical oscillations are observedin the other two- equation models.
The drag divergence angle and moment stall angles are also in good
agreement with experiments.

Classification of TVS
To classify the thickness variation, a new parameter is defined as

follows:

ATmax = TS max / TL max » (A Tmax)U = (TS max)U / TL max

(ATmax)D = (TSmax)D/TL max (8)

Additionally, two factors are taken into account for the given
TVS: the maximum thickness of the airfoil at a given angle of attack
and the instantaneous velocity perturbation added by the change of
airfoil thickness, which are defined as

T=T(" ©

8T _ T(x") =T ")

, "=1"""+ A7 (10)
ST " — Tnfl

T is thought of as a geometric effect due to the active thick-
ness control, whereas 67 /5t represents the corresponding velocity
perturbation.

Influence of Upstroke TVS

Figure 4a shows a series of TVSs for the upstroke phase in which
the downstroke TVS is kept constant along the baseline strategy,
thatis, (AT )y #0and (AT ) p =0. As arrangedin Table 1, the
TVSs are classified into three categories in terms of the magnitude
and sign of (AT.x)y. For example, in case of positive (AT . )v,
the thickness variation rate is larger than that of the baseline at the
beginning but smaller at the ending of the upstroke phase. The time
rates of the thickness variation are shown in Fig. 4b for the cor-
responding (AT,.x)y to identify the velocity perturbation effects
on the aerodynamic characteristics of dynamic stall. From the def-
inition of (AT, )v, this is totally due to the increase of (Tsmax)v
because 17 ma and (AT ) p are kept constantin these cases.

The lift histories according to the various TVSs are shown in
Fig. 5, from which it is clear that there is a substantial influence of
the upstroke TVSs on the aerodynamic characteristicsof the overall
flowfields even when the linear thickness variationranges (A Tmax ) p
are the same for each case.

For quantative analysis, the maximum lift coefficient C; . and
the corresponding angle of attack o¢; . are shown with respect to
(ATax)v in Fig. 6. It shows that C; .« and acy,,, are proportional
to the magnitude of (AT ,.x)y- The acy,,, reachesits maximum at

Table 1 Relative magnitude of each parameter in upstroke phase

Upstroke Beginning  (5~15deg) Ending (15~ 25 deg)
(ATmax)U T (ST/(ST T (ST/(S‘[
Positive Large Large Large Small
0 Base Base Base Base
Negative Small Small Small Large
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Fig. 4a Upstroke thickness variation with constant downstroke strat-
egy [(ATmax)D =0].
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Fig. 4b Upstorke thickness variation rate with constant downstroke
strategy [(ATmax)p = 0].
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Fig. 5 C histories for the upstroke thickness variation.
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Fig. 7 C)y histories for the upstroke thickness variation.

the baseline case, that is, (AT <)y =0), and is kept constant irre-
spective of the increase of (AT}, )y, Wwhereas the C; ., continues
to increase, although the slope changes slightly. The stall angle is
delayed by 1.3 deg, and C; ,,x increases by 0.2 compared with the
worst case.

Figure 7 shows the moment histories with the variations of
(AT v - The relation between the moment stall angles and max-
imum negative moments are also shown in Fig. 8. It is found from
Fig. 8 that the maximum negative moments decrease, whereas the
moment stall angles are delayed with the increase of (Ts max)y That
is, it is very hard to improve the characteristics of the moment stall
angles and the maximum negative moments at the same time and
this implies that a proper compromise is required to achieve the
goal. Now, the question is, “what makes the difference?’ The case
of (AT, )y =0.3125 is found to have favorable characteristicsin
terms of the delay of lift and moment stall. However, it also increases
the maximum negative moment and negative damping area, which
has larger T and 67 /§7 in the early stage of upstroke, whereas at
the ending stage retains large 7 but small 7 /8t (Fig. 4b ).

Inthe absenceof adverse pressure gradient, the thickerairfoilmay
be usefulto preventleading-edgeseparationbecauseit alleviatesthe
abrupt suction peak around the airfoil nose. Moreover, for the rel-
atively low angle of attack, below static stall angle of attack, the
time-dependent thickness variation provides an additional velocity
perturbation parallel as well as orthogonal to the freestream and en-
hances turbulent entrainment, as indicated in Fig. 1. However, once
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the vortex bubble forms at the leading-edgeregion, the velocity per-
turbation given by the thickness variation seems to have a tendency
to accelerate vortex shedding. This accelerated vortex sheddingcre-
ates a relatively strong vortex at the leading edge, resulting in the
greater maximum negative moment. Also, because of delayed shed-
ding, it takes longer for the shed vortex to pass through the moment
center. Accordingly, the negative damping area increases. There-
fore, in the case of (AT )y = —0.3125, where §7 /87 has a higher

(AT, ), =0.3125 (AT -0.3125

mﬂx)U =

Fig. 10 Instantaneous vorticity contours: M. =0.283, a =15 deg +
10 deg sin(wT), Re =3.45 X 10%, and k = w/2M, =0.151.

value at the ending stage of the upstroke,sheddingoccurs faster than
the other cases. The instantaneoussurface pressure distributionsare
shown Figs. 9aand 9b for the two extreme cases, (AT x )y =0.3125
and (AT )y = —0.3125.1tis clearly shown that the stall onsetand
ensuing aerodynamicbehaviorsare quite differentfor the two cases.
In case that (AT, )y =0.3125, the onset of dynamic stall begins
at around 23 deg, whereas the vortex bubble detaches at 18 deg for
(ATya)y =—0.3125.

The successive vorticity contours of the two cases are shown in
Fig. 10 to manifest the differences in the formation and shedding
of the vortex bubble. From the discussion, it is found that a proper
compromise is required because it is very hard to improve the char-
acteristics of the lift and the pitching moment simultaneously.

Influence of Downstroke TVS

Similar computations are performed for TVSs in the down-
stroke phase. Figure 11a shows the various TVSs of the downstroke
while the upstroke TVS is kept constant, that is, (AT},.x)p 70 and
(ATyax)v =0. The relative magnitudes of the two parameters are
arranged with respect to the sign of (AT,,,) p in Table 2. For exam-
ple, in case that (A Ty.x) p 1S positive, the thickness variation rate is
smaller than that of the baseline at the beginning but larger at the
ending of the upstroke phase. The time rates of thickness variation
for each case are shown in Fig. 11b.

Figure 12 shows the lift coefficient histories over a single cycle,
where it is found that the TVS of the downstroke phase has little
influence on the delay of dynamic stall but has some effects on the
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Table 2 Relative magnitudes of each parameter in downstroke phase

Downstroke ~ Beginning (25 ~ 15 deg) Ending (15~ 5deg)
(ATma) D T 8T /8t T 8T /8t
Positive Large Small Large Large
0 Base Base Base Base
Negative Small Large Small Small
016
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Fig. 11a Downstroke thickness variation with constantupstroke strat-
egy [(ATmax)U =0].
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Fig. 11b Downstroke thickness variation rate with constant upstroke
strategy [(ATmax)y =01

C max and the poststall characteristics. The Cp .x and o¢p e are
shown with respect to (A7) p in Fig. 13. As shown in Fig. 13,
ez max 18 practically independentof the mangitude of (AT,,,) p- On
the other hand, the magnitude of C ,,x decreases almost linearly
with (ATmax)D~

Figure 14 shows the moment histories with the variations of
(ATyax) p- The relation between the moment stall angles and max-
imum negative moments are also shown in Fig. 15. The thickness
variations at the downstroke phase have a stronger influence on
the maximum negative moments and damping area rather than on
the moment stall angles. This is because the vortex formation at
the leading edge is not directly influenced by the downstroke thick-
ness variations. Nevertheless, the maximum lift coefficient and the
maximum negative moment have maximum values in the case of
(ATyax)p =—0.3125, It is thought that the rapid decrease at the
early phase of the downstroke has an effect to capture the vortex, as
in the suction. Therefore, the case of (AT .x)p =0.3500 is appro-
priate simply to improve the moment characteristics.
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Figures 16a and 16b show the surface pressure distributions
of (AT,.)p=0.3125 and (AT,.)p =—0.3125. In the case of
(ATyx)p =0.3125, the stall onsets at about 19.5 deg, whereas
a vortex bubble initiates on the airfoil surface at 21 deg for
(ATya)p =—0.3125.

Suggestion of Proper TVS

With these lessons in mind, a better TVS has been suggested.
To obtain a higher stall angle and C, ., the time rate of thickness
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variation should be kept high at the early stages of each phase,
whereas the opposite is true at the end of each phase, as shown in
the inset of Fig. 17. In other words, a better lift performance is ob-
tained with the increase of (AT}, )y during the upstroke. However,
a smaller (AT ) p 18 preferable for better lift performance during
the downstroke. The comparisonsof the lift coefficient histories are
made between the baseline case and the present one.

Lift stall incidence is delayed by about 2 deg (8.5%) and the
maximum lift coefficient increases by 0.06 (3%) in the lift-based

Table3 Aerodynamic coefficients between
suggested strategy and NACA 0012

Lift stall Moment stall
Case angle CL max angle C 1 max
NACA 0012 23.05 2.1216 19.42 —0.4663
ATmnax =0.6250 2499  2.1854 23.80 —0.4898
(lift based)
ATmax = —0.3000 24.43 1.9596 21.70 —0.4071

(moment based)

2.2 —=—— (AT, ), =0.3125 & (AT, ), =-0.3125

" max

NACAQO12

0.6

0.2
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Fig. 17 Cy histories between the lift-based strategy and NACA 0012
cases.
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Fig. 18 C) histories between the lift-based strategy and NACA 0012
cases.

TVS (see to Table 3). Moreover, note that hysteresisis significantly
reduced due to the earlier reattachment.

The snapshots of vorticity contours are shown in Fig. 17 for the
two cases mentioned earlier. As shown in Fig. 19, a vortex bub-
ble begins to form at around 18.1 deg and sheds at 20.9 deg for
the NACA 0012, whereas, in the AT,,,, =0.6250 case, the flow re-
mains attached even at 24.5 deg. The resulting pitching moment
histories are shown in Fig. 18. The moment stall angle is delayed by
4.4 deg, but the maximum negative pitching moment coefficient and
the negative damping area increase. In general, the smaller negative
damping areais preferablebecauseit may avoid structuralproblems.
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Fig. 19 Comparison of vorticity contours between lift-based strategy
and NACA 0012 case.
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Fig. 20 Cy, histories between the moment-based strategy and NACA
0012 cases.

In that sense, TVS is not always advantageousto increase the max-
imum lift coefficient.

To improve the pitching moment characteristics, one must
consider the moment stall angle and the maximum negative pitch-
ing moment together with a negative damping area. At the up-
stroke phase, the case of (AT )y = —0.1500 has been chosen,
where both the moment stall angle and the maximum negative mo-
ment have a moderate value. At the downstroke phase, the case

01
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Fig. 21 C)y histories between the moment-based strategy and NACA
0012 cases.
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NACAOQ012 at o = 5°
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Fig. 22 Comparison of vorticity contours between moment-based
strategy and NACA 0012 case.

of (ATmax) p =0.1500 has been applied to minimize the maximum
negative pitching moment with early moment stall. The lift and
moment histories are summarized in Figs. 20 and 21 and Table 3.
As can be seen from Figs. 20 and 21, the pitching moment char-
acteristics have been improved by reducing the maximum negative
pitching moment and the negative damping area, although the max-
imum lift coefficient has been decreased.

A comparisonof the vorticity contoursin the moment-basedstrat-
egy and in the NACA 0012 case is shown in Fig. 22.
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Conclusions

In this study, through a series of numerical calculations, it is
found that the TVSs have a substantial effect on the aerodynamic
characteristics of the overall flowfields and they can be used as
an efficient control method if the control strategies are prudently
selected.

1) The upstroke TVS has a significant effect on the vortex forma-
tion at the leading edge, whereas the downstroke TVS has one on
the shedding velocity of the vortex.

2) For the higher maximum lift coefficient, the lift stall delay, and
the moment stall delay, thickness variation rate should take a large
value in the early stage of up- and downstroke. However, for small
maximum negativepitching moment and the negativedamping area,
it should take a small value in early stage of each phase.

3) There exists a tradeoff relation between the stall delay and the
pitching moments. This implies that a proper compromise should
be made when applying TVS.
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