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Fig.3 Separation criterion in pitching motion. Sandborn and Kline’s’
criterion: ——, fully developed separation and - -—, intermittent separa-
tion. Experiments: o, attached flow: 0 deg < w? < 22.5 deg; wt = 135 deg;
281.25 deg <wt <360 deg; M, intermittent reattachment: wt = 123.75 deg;
and e, fully developed separation: 33.75 deg < wt < 123.75 deg.

have clearly pointed out that the transition, the separation, and the
reattachment process are delayed as k increases. Moreover, it is pos-
sible to determine all along the period the nature of the boundary
layer (attached, separated, near separation, or reattachment) by an-
alyzing the simultaneous evolution of the u tangential profile and
turbulence intensity o, obtained by the ELV method.*

From such results, it can also be concluded that the duration of the
separation along the oscillation period is shown to decrease when
the reduced frequency k increases.

In steady flow regimes, the Sandborn and Kline’ criterion is based
on the shape factor H, which is expressed as a function of §,/8,

Hsep =A+ [ (3)

1

1- (51/5)]

Such a criterion, which appears also to be able to differentiate
intermittent separations (A = 1) (for more than 5% of the time the
flow moves upstream, # < 0) from fully developed separations (A =
1.70) (for more than 50% of the time the flow moves upstream, u <
0), has been applied successfully to characterize the boundary-layer
separation on the airfoil in steady flow configurations. Moreover,
this steady flow configuration study has shown that the reattachment
process is also affected by the intermittency phenomenon.*

Because of the similarity observed on the (U, V, ¢,) profiles
during the separation process occurring on the NACA 0012 air-
foil in either steady flow or pitching motion,’ an attempt to check
the Sandborn and Kline’ separation criterion has been made in this
study. An example of an application of this criterion is shown in
Fig. 3 for the pitching motion case corresponding to k¥ = 0.283. The
Sandborn and Kline criterion appears to be well suited to delimiting
the attached boundary-layer regime (open symbols) and the sepa-
rated flow regimes (solid symbols) in the unsteady flow generated
by the pitching motion. However, within the separated zone the cri-
terion appears to be less efficient in differentiating the intermittent
separation from the fully developed separation. In Fig. 3, the fully
developed separation is identified by the criterion as an intermittent
type separation at w¢ = 33.75 deg.

Conclusion

In the present study, the ELV method has been successfully ex-
tended to two-dimensional velocity measurements (u, v) around
moving curved walls and airfoils oscillating in pitching motion.

The transition criterion previously established on an oscillating
flat-plate model is also shown to be valid on the NACA 0012 air-
foil either in steady flow or in pitching motion, at least under our
experimental conditions.

Concerning the separation/reattachment process, the Sandborn
and Kline criterion appears to be well suited to delimiting attached
and separated flow regimes. A refinement of this criterion seems
to be required for differentiating intermittent and fully separated
regimes. Moreover, the cyclic separation/reattachment process is
shown to be strongly influenced by the reduced frequency parame-
ter k.

The increase of the frequency k is shown to produce a time delay
on the transition, separation, and reattachment processes.
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Introduction

NTERSECTIONS between streamwise vortices and oblique

shock waves occur in a number of practical situations and com-
monly result in complex three-dimensional flowfields. These events
typically involve vortices that are produced by the fore bodies and
lifting surfaces of supersonic vehicles or by the tips of canards, fins,
and wings. Such vortices then interact with the associated shock-
wave systems present over wings or control surfaces, or within
high-speed inlets, and may result in loss of lift, increased drag, ad-
verse stability and control, or decreased engine performance. When
the interactions are sufficiently strong, vortex breakdown can be
induced.

Previous experimental and numerical investigations of shock-
wave/vortex interactions are reviewed in Ref. 1. Of these, only
the computations of Rizzetta® attempted to provide a direct com-
parison between numerical calculations and experimental data. It
was indicated that although solutions to the Euler equations com-
pared reasonably well with measurements in a number of cases,
they could not reproduce the vortex breakdown that was often
observed experimentally. The purpose of the present work is to
simulate oblique shock-wave/wing-tip vortex interactions via solu-
tion to the compressible three-dimensional mass-averaged turbulent
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Fig.1 Mach number contours near the wing midspan for o = 10.0 deg
and 6 = 29.0 deg.
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Fig.2 Particle paths and isosurface of & = 0 for o = 10.0 deg and 0 =
29.0 deg.
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Navier-Stokes equations. A two-equation (k-¢) turbulence model34
is employed that includes low-Reynolds-number terms and a com-
pressibility correction.’

Results

The configuration corresponds to the experiment of Smart and
Kalkhoran® and consists of airflow past a vertical rectangular fin at
a Mach number of 2.49 and chord Reynolds number of 2.17 x 109,
A finite span wing having a two-dimensional wedge section is lo-
cated downstream and produces a shock wave that is intersected by
the streamwise vortex generated at the tip of the fin. A complete
description of the calculations, including the governing equations,
numerical procedure, generation of meshes, boundary conditions,
details of the computations, grid resolution and damping coefficient
studies, features of the flowfield, and comprehensive results, may
be found in Ref. 1. In addition, a previous corresponding compu-
tation that considered only the vortex generator tip flow appears in
Ref. 7.

Mach number contours in a cross plane near the wing midspan
are shown in Fig. 1 for @ =10.0 deg and § =29.0 deg, where o
is the vortex generator angle of attack and @ is the inclination of
the wing upper surface. Above the wing leading edge, the vortex
impingement and shock-wave distortion are evident, resulting in a
shock surface that locally is normal to the oncoming stream. As was
pointed out in Ref. 2, this shock distortion is promoted by both the
swirl velocity component and the defect in the streamwise velocity
component of the vortex core flow. Shaded contours delineate the
subsonic flow regions behind the point of the vortex/shock intersec-
tion and adjacent to the wing surface. The shock-produced subsonic
flow region is seen to be quite large, extending beyond the down-
stream expansion corner. Most of the postshock reduction in Mach
number was incurred by a decrease in the vortex streamwise velocity
component. The circumferential component was affected to a lesser
degree.

Also in this case, the shock is normal at the wing leading edge and
close to becoming detached, in part due to the vortex-induced dis-
tortion. This is not unexpected because at the given flow conditions
the maximum theoretical inviscid deflection angle for an attached
oblique shock wave is approximately 29.7 deg.

Particle paths of the vortex core flow and the isosurface of u = 0
appear in Fig. 2, illustrating breakdown of the vortex. Here, u is the

6=29.0deg
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Fig.4 Wing surface static pressure distributions for o = 10.0 deg and
6 =29.0 deg.

streamwise velocity component and vortex breakdown is defined
by the appearance of an off-surface region for which u < 0. Unlike
subsonic vortex breakdown, in the supersonic case the extent of
vortex radial expansion is confined to a moderately small region
surrounding the core. Two topological critical points® are located
on the u = 0 isosurface. These are designated in Fig. 2 by R for
the upstream repelling spiral saddle (unstable focus/compressing),
and by A for the downstream attracting spiral saddle (stable focus/
stretching).

Visual comparisons between numerical solutions and experimen-
tal shadowgraph images are provided in Fig. 3 for & = 10.0 deg and
6 =22.0, 25.0, and 29.0 deg. The numerical results are presented in
terms of the magnitude of the density gradient. Many of the same
physical features, including the vortex and the distorted shock wave,
are evident in both the experimental and computational represen-
tations. For 6 = 22.0 and 25.0 deg, the numerically simulated dis-
torted shock wave appears much like the experimental image. With
6 = 29.0 deg, however, the shock distortion is observed to be more
significant in the experimental case. This implies that the numerical
simulation predicts a weaker interaction than that which is produced
experimentally. Vortex breakdown was predicted numerically only
for 6 = 29.0 deg.

Calculated static pressure distributions on the wing upper surface
for o = 10.0 deg and 6 = 29.0 deg are compared with experimental
data in Fig. 4. In Fig. 4, p is the static pressure, p, the freestream
total pressure, s the distance along the inclined wing upper surface
whose leading edge is at s, and [ the length of the inclined surface.
Generally, the computations predict higher pressure levels than the
experiment at all spanwise stations, y/I. The measured pressure
deficit near (s — si.) /! = 0.4 is not duplicated by the computations,
which is consistent with the simulated interaction being weaker than
the physical interaction as was noted in Fig. 3.

Summary and Conclusions

Steady high-Reynolds-number supersonic flowfields were gener-
ated numerically to simulate the interaction between a streamwise
wing-tip vortex and an oblique shock wave by solution of the turbu-
lent Navier—Stokes equations. A k-€ closure model, which included
low-Reynolds-number terms and a compressibility correction, was
employed to account for effects of turbulence.

For weaker interactions than those presented here, which did not
resultin vortex breakdown, calculations agreed reasonably well with
the data. When breakdown occurred, the numerically simulated in-
teraction was not as strong as the experimental counterpart. This
deficiency is attributed to the inability of the k-¢ equations to ac-
curately simulate formation of the tip vortex. In particular, it has
been shown that the turbulence model could not reproduce the ex-
perimentally measured core deficit in streamwise Mach number,’
which is considered to be crucial to vortex breakdown in this case.
Numerical reproduction of strong tip-vortex/shock-wave interaction
thus appears to be limited by lack of adequate turbulence modeling
for such flows at high Reynolds numbers.
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