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Nomenclature
b maximal span of fin
c = root chord of fin
f = frequency of pitching oscillations
F*™ = nondimensional frequency
Re, = Reynolds number based on ¢
u = longitudinal velocity
x/c = nondimensional longitudinal location
o = angle of attack
Aa = amplitude of oscillations
¥ = sweep angle

1. Introduction

LOWS over moderately swept wings (with sweep angle v

varying from 45 to 55°) are a recent topic of interest mostly
because of their application to military aircraft and unmanned
combat air vehicles. In the same way as for highly swept wings
(¥ > 65°), these flows are characterized by the formation of a
leading-edge vortex that contributes to the lift [1]. Nevertheless,
when increasing the angle of attack, vortex breakdown occurs. The
occurrence of this phenomenon is dependent on the Reynolds
number, the sweep angle, and the leading-edge shape [2]. For a sharp
leading edge at a high Reynolds number, stall is expected from an
angle of attack of 20°. Thus, from an industrial point of view,
delaying moderately swept delta wing stall is a challenge aimed at
increasing the application domain of such wings. Pitching oscilla-
tions appear to be a promising mean to control the flow over such
wings. Indeed, encouraging results have been obtained exper-
imentally at low Reynolds and Mach numbers [3,4]. The goal of this
study is then to extend the range of applicability of this type of
control. The chosen test case is the missile fin shown in Fig. 1. It can
be considered as a 50° swept delta wing with a sharp leading edge.
The root chord of the fin is ¢ = 0.285 m, and the maximal span b
equals 0.19 m. Moreover, in the experimental setup, the fin is
mounted on a vertical plate to preserve the flow around the fin from
the interaction with the boundary layer developing on the wind-
tunnel lateral wall. To respect as much as possible the experimental
configuration, this vertical plate is considered in the computations.
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Additionally, the 0.5 mm slot between the vertical plate and the fin is
also accounted for.

Concerning the reference uncontrolled case, the experimental data
presented in this Note were acquired in ONERA’s transonic wind
tunnel S3MA at operating conditions of M, =0.7, U,=
226.5 m-s~!, Pi,, = 1.5 bar, and Ti,, = 278 K [5]. The Reynolds
number based on the root chord and the freestream velocity equals
Re, = 5.8 x 10°. The angle of attack equals 25°. This study con-
stitutes a follow up of [6], where the reference computation has been
successfully validated against these experimental data. More-
over, continuous and pulsed blowing and synthetic jets have been
imposed at the leading edge of the fin. It has been demonstrated,
consistently with the experimental works of Williams et al. [7] in the
case of a 50° sweep delta wing in the subsonic regime, that an optimal
forcing frequency can be found. This nondimensional frequency F*
(with F* = f-¢/U,) equals 1.5 and has been identified in [6] as
being the one of the natural vortex shedding. Nevertheless, such
control strategies would necessitate in practice a complex pneumatic
system inside the fin that is not easy to manufacture. Thus, the
purpose of the current study is to exploit the existing actuators
driving the fin movement to impose pitching oscillations.

The computations are performed using the FLU3M solver [8].
Implicit time integration is employed. The time integration is carried
out by means of a second-order-accurate backward scheme, and the
time stepis setequal to 2.6 x 1077 s. The spatial scheme is based on a
second-order-accurate AUSM + (P)-type scheme [9]. The turbulent
modeling, based on the zonal detached eddy simulation approach
[10] with some delayed detached eddy simulation [11] ingredients, is
presented in [12]. In this latter reference, the flow over the present fin
has been computed without control. The agreement of the results
with the existing experimental data was very satisfactory since, for
example, the errors on the lift and drag coefficients were found equal
to 3 and 1.3%, respectively. Furthermore, this hybrid Reynolds-
averaged Navier—Stokes/large-eddy simulation approach has been
successfully applied to the study of compressibility effects on the
vortical flow over a highly swept wing [13] and to its control [14].
The grid is composed of 21 x 10° points. Finally, the averaging
process has been performed over a physical time equal to 26 ms,
which represents a duration of 20 X ¢/U,,.

II. Description of Control Strategy

The key point of the current study is to control the separation of the
flow over the missile fin by exploiting the actuators already used to
pitch the fin. It has been experimentally shown by Vardaki et al. [3]
and Cipolla and Rockwell [4] that applying a sinusoidal pitching
motion to a stalled moderately swept delta wing can reduce the
intensity of the reverse flow over the wing and can also regenerate the
leading-edge vortex. As a consequence, the wing stall is delayed and
the lift force increases. In the current investigation, the sinusoidal
pitching motion of the missile fin is ensured using the arbitrary
Lagrangian—Eulerian formulation. The rotation axis is located at
x/c¢ = 0.6 (this location is the one of the fin actuator). The frequency
is set equal to F™ = 1.5, which corresponds to the natural vortex
shedding frequency in the unforced case. It should be remembered
here that Vardaki et al. [3] have shown that this control strategy is
efficient in a range of F varying from 1 to 2. It should be also
underlined here that flexible wings self-exited at the same fre-
quencies also delay moderately sweep wing stall [15].

Finally, two amplitudes are currently assessed: Ao = 0.5° and
A« = 1°. With these amplitudes, the maximum relative speeds
v/ U, at the apex of the fin are, respectively, equal to 3.7 1072 and
7.31072.
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Fig. 1 Perspective view of the geometry.

III. Pitching Oscillations Effects on Flow
A. Overview On Time-Averaged Flow

The aim of this part is to study the oscillation effects on the
separated flow. As a starting point, Fig. 2 presents an isosurface of the
longitudinal velocity u = 0. This figure clearly shows that applying a
sinusoidal pitching motion to the missile fin decreases the intensity of
the reverse flow region over its upper surface. Indeed, one can
observe at the apex of the fin in the controlled cases that reverse flow
does not develop anymore, contrary to the baseline case. One can also
note that the flow topology in the controlled cases differs from the one
of the baseline case. Indeed, the reverse flow extends on nearly 80%
of the surface of the fin suction side in the unforced case, whereas this
region is split into two parts when the sinusoidal pitching motion is
applied to the fin. Finally, an increase of A« leads to an increase of the
control efficiency, since the size of the reverse flow region is smaller
for Ao = 1° than for Aa = 0.5°.

B. Discussion

As illustrated in Fig. 3, which presents the contours of the velocity
in the plane materialized by the dotted lines of Fig. 2, applying a
pitching motion to the missile fin results in the acceleration of the
longitudinal flow over the suction side of the missile fin. Particularly,
the longitudinal velocity u becomes positive between the leading
edge ofthe finand x/c = 0.05 inthe A« = 0.5° case and between the
leading edge and x/c = 0.1 for the Aa = 1° case.

These results are consistent with the experimental observation of
Vardaki etal. [3], who have shown that applying a sinusoidal pitching
motion to a 50° sweep delta wing at the same incidence as in
the current study and for F* varying from 1 to 2 results in the
acceleration of the longitudinal flow and in the reformation of the
leading-edge vortex for Ao = 1°. Nevertheless, in the current study,
the study of the flow in transverse planes has evidenced that the
leading-edge vortex is not regenerated. This difference can be
attributed to Reynolds number effects on the flow over moderately
swept delta wings. Indeed, it has been experimentally demonstrated
that the vortical flow developing over moderately swept wings
depends on the Reynolds number [16,17] contrary to slender wings
(¥ > 65°). In fact, an increase of the Reynolds number induces a
faster vortex breakdown and then the disappearance of the leading-
edge vortex. In our study, the Reynolds number based on the root
chord of the wing equals 5.8 x 10°, whereas it ranges between
13,000 and 30,000 in the experimental works of Vardaki et al. [3].
One can then assume that the regeneration of the leading-edge vortex
is more difficult in our case than in [3]. It should also be mentioned
that the experimental study of Vardaki et al. [3] is free from
compressibility effect, since the experiment has been carried out in
water.

IV. Effects on Aerodynamic Performance of Fin
Figure 4 represents the effect of the oscillating pitching motion on
the aerodynamic performance of the fin as a function of the pitching
amplitude. Note that, in these figures, the case Ao = 0° denotes the

Fig. 2 Isosurface of u = 0: a) reference, b) Ao = 0.5°, and ¢) Aa = 1°. The dotted line represents the plane used in Fig. 3.
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Fig. 3 Contours of u/U,, through the inner reverse flow region (following the dotted lines presented in Fig. 2): a) reference, b) Ao = 0.5°, and

c)Aa=1°.
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Fig. 4 Pitching oscillations effects on the performance of the fin.

Table 1 Aerodynamic performance of the fin as
a function of the control strategy

CL CA Cers/ CL CArmx/ CA
Reference 0.832 0.029 0.01 0.04
Aae=0.5° 099 0.017 0.025 0.25
Aa=1° 1.03 0.015 0.05 0.5

baseline case. One can observe that the aerodynamic performances of
the missile fin are improved for the two controlled cases. Indeed, for
Aa = 0.5°, the lift force increases by 20% and the drag one decreases
by 37%. Augmenting the amplitude of the pitching oscillations still
improves the aerodynamic performance, since C; increases by 25%
and Cp decreases by 48% for Aa = 1°. Nevertheless, it may be noted
here that the relative efficiency of the strategy is reduced with an
increase of Aw, and one can anticipate a saturation for larger values
of Ac.

To conclude, Table 1 summarizes the fluctuations of the lift C; .,
and of the drag Cy,,,, in the reference case and in the oscillating ones.

As previously mentioned, applying pitching oscillations enhances
the aerodynamic performance of the fin. However, one can observe in
this table that it also amplifies the loading fluctuations. The most
important increase concerns the drag fluctuations, which are sub-
jected to a tenfold amplification for Ao = 1°. From an applic-
ation point of view, the case Aa = 0.5° might be preferable, since
good performance is achieved while keeping a reasonable level of
loading fluctuations.

V. Conclusions

This Note has presented a numerical study of a control strategy
based on pitching oscillations that aims at limiting the separated flow
over a stalled missile fin. This fin can be considered as a 50° sweep
delta wing. The angle of attack is equal to 25°, and the Mach and
Reynolds numbers, respectively, equal 0.7 and 5.8 x 10°. The
frequency of the sinusoidal motion of the fin has been set equal to
FT™ =1.5. This nondimensional frequency has been previously
identified as being the frequency of the natural vortex shedding in the
unforced case. Two amplitudes have been assessed: Aa = 0.5° and
A« = 1°. The analysis of the time-averaged flows has shown that the
separated flow is deeply altered by the pitching motion of the fin.
Indeed, for the two forced cases, the size of the reverse flow region
decreases, this effect being amplified by an increase of Ac. It then
results in an improvement of the aerodynamic performance of the fin,
the Ao = 1° case being the most efficient. Nevertheless, considering
the loading fluctuations, the lowest amplitude case may be the most
attractive. Such a control strategy then seems to be a good candidate
to enhance the performance of missile fins without any additional
control system.

Acknowledgment
The authors would like to acknowledge the French Ministry of

Defense (DGA) for its financial support.

References

[1] Polhamus, E. C., “A Concept of the Vortex Lift of Sharp-Edged Delta
Wings Based on a Leading-Edge-Suction Analogy,” NASA TN
D-3767, 1966.

[2] Gursul L., Gomier, R., and Visbal, M., “Unsteady Aerodynamics of
Nonslender Delta Wings”, Progress in Aerospace Sciences, Vol. 41,
No. 7, 2005, pp. 515-557.
doi:10.1016/j.paerosci.2005.09.002

[3] Vardaki, E., Wang, Z., and Gursul, ., “Flow Reattachment and Vortex
Re-Formation on Oscillating Low-Aspect-Ratio Wings,” AIAA
Journal, Vol. 46, No. 6, 2008, pp. 1453-1462.
doi:10.2514/1.32233

[4] Cipolla, K., and Rockwell, D., “Flow Structure on a Stalled Delta Wing
Subjected to Small Amplitude Pitching Oscillations,” AIAA Journal,
Vol. 33, No. 7, 1995, pp. 1256-1262.
doi:10.2514/3.12548

[5] Fargier, T., “Essais de Pesées et de Mesures PSP sur la Gouverne
NATRA n°11 dans la Veine Transsonique de S3MA,” ONERA, TR 259/
06645, France, 2003.

[6] Riou, J., Garnier, E., and Basdevant, C., “Blowing Effects on the
Separated Flow over a Moderately Missile Fin,” AIAA Journal, Vol. 49,
No. 2, 2011, pp. 269-278.
doi:10.2514/1.J050082

[7]1 Williams, N. M., Wang, Z., and Gursul, 1., “Active Flow Control on a
Nonslender Delta Wing,” Journal of Aircraft, Vol. 45, No. 6, 2008,
pp- 2100-2110.
doi:10.2514/1.37486

[8] Pechier, M., “Prévisions Numériques de L’effet Magnus pour des
Configurations de Munition,” Ph.D. Thesis, Université Pierre et Marie
Curie, Paris, 1999.

[9] Mary, L., Sagaut, P., and Deville, M., “An Algorithm for Low Mach

Number Unsteady Flows,” Computers and Fluids, Vol. 29, No. 2, 2000,
pp. 119-147.
doi:10.1016/S0045-7930(99)00007-9

[10] Deck, S., “Zonal Detached Eddy Simulation of the Flow Around a High
Lift Configuration,” AIAA Journal, Vol. 43, No. 11, 2005, pp. 2372—
2384.
doi:10.2514/1.16810

[11] Spalart, P.R., Deck, S., Shur, M. L., Squires, K. D., Strelets, M. K., and
Travin, A., “A New Version of Detached Eddy Simulation, Resistant to
Ambiguous Grid Densities,” Theoretical and Computational Fluid
Dynamics, Vol. 20, No. 3, 2006, pp. 181-195.
doi:10.1007/s00162-006-0015-0

[12] Riou, J., Garnier, E., Deck, S., and Basdevant, C., “Improvement of
Delayed Detached Eddy Simulation Applied to Separated Flow Over
Missile Fin,” AIAA Journal, Vol. 47, No. 2, 2009, pp. 345-360.
doi:10.2514/1.37742

[13] Riou,J., Garnier, E., and Basdevant, C., “Compressibility Effects on the
Vortical Flow over a 65° Sweep Delta Wing,” Physics of Fluids, Vol. 22,
No. 3, 2010, Paper 035102.
doi:10.1063/1.3327286

[14] Riou, J., Garnier, E., and Basdevant, C., “Control of the Flow over a
Delta Wing in the Transonic Regime,” AIAA Journal, Vol. 48, No. 8,



http://dx.doi.org/10.1016/j.paerosci.2005.09.002
http://dx.doi.org/10.2514/1.32233
http://dx.doi.org/10.2514/3.12548
http://dx.doi.org/10.2514/1.J050082
http://dx.doi.org/10.2514/1.37486
http://dx.doi.org/10.1016/S0045-7930(99)00007-9
http://dx.doi.org/10.2514/1.16810
http://dx.doi.org/10.1007/s00162-006-0015-0
http://dx.doi.org/10.2514/1.37742
http://dx.doi.org/10.1063/1.3327286

1822 AIAA JOURNAL, VOL. 49, NO. 8: TECHNICAL NOTES

2010, pp. 1851-1855. ATAA Paper 2003-0620, 2003.

doi:10.2514/1.J050531 [17] Gursul, 1., “Review of Unsteady Vortex Flows over Slender Delta
[15] Taylor, G. S., Wang, Z., Vardaki, E., and Gursul, 1., “Lift Enhancement Wings,” Journal of Aircraft, Vol. 42, No. 2, 2005, pp. 299-319.

over Flexible Nonslender Delta Wings,” AIAA Journal, Vol. 45, No. 12, doi:10.2514/1.5269

2007, pp. 2979-2994.
doi:10.2514/1.31308

[16] Visbal, M. R., and Gordnier, R. E., “Higher-Order Compact Difference P. Tucker
Scheme Applied to the Simulation of a Low Sweep Delta Wing Flow,” Associate Editor


http://dx.doi.org/10.2514/1.J050531
http://dx.doi.org/10.2514/1.31308
http://dx.doi.org/10.2514/1.5269

