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Numerical Simulation of Oblique Shock-Wave/Vortex Interaction

Donald P. Rizzetta*
U.S. Air Force Wright Laboratory, Wright—Patterson Air Force Base, Ohio 45433-7913

High Reynolds number supersonic flowfields were generated numerically by integration of the time-dependent
three-dimensional compressible Euler and mass-averaged Navier-Stokes equations in order to simulate the inter-
action of a streamwise vortex with an oblique shock wave. The vortex develops at the tip of a vortex-generating fin
which is suspended from the ceiling of a wind tunnel. Downstream, an oblique shock wave is produced by a wing
surface which spans the width of the wind tunnel and has a twe-dimensional sharp leading-edge wedge as its airfoil
section. Grid resolution studies are provided in order to assess accuracy of the solutions. Resultant features of the
numerical flowfields are discussed, and comparison is made with experimental data in terms of static pressure

distributions on the wing surface.

Nomenclature

Cp = static pressure coefficient

c = airfoil reference chord

d = streamwise distance from vortex generator to
wing leading edge

h = vertical height of vortex generator above wing

- leading edge

N+ = average number of grid points for which
yt <10

X, ¥, 2 = nondimensional Cartesian coordinates in
streamwise, spanwise, and vertical directions

y* = law-of-the-wall coordinate

I = average value of y™ at first mesh point away
from surface

o = vortex generator angle of attack

ASg, AS,, AS, = mesh spacing in £, 5, { directions

§.1,¢ = computational coordinates -

Subscript

le = evaluated at wing leading edge

Introduction

HE interaction between a streamwise vortex intersecting an
oblique shock wave produces a complex three-dimensional
flowfield that can occur in a number of both internal and exter-
nal flows. Such situations commonly involve vortices that may be
produced by the forebodies and lifting surfaces of supersonic ve-
hicles or from the tips of canards, fins, and wings. These vortices
then respond to the associated shock systems present over wings or
control surfaces or within high-speed inlets. In the case of rotorcraft
operating at supercritical Mach numbers, the shock waves formed
on blade surfaces interact with trailing tip vortices, in the wake of
preceding blades, to generate the acoustic phenomenon known as
blade slap.! Similarly, “shock associated jet noise” is produced in
the plume of a jet engine operating at supercritical pressure ratios
when turbulent eddies in the jet impinge upon the trailing shock-
wave system.? This broadband noise is an important design factor
because of its impact on the surrounding environment, as well as its
effect on structural fatigue. g ’
Shock-wave/vortex interactions are, in general, three dimensional
and unsteady. They may result in a loss of lift, an increase in drag,
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and rapid variations in pitching moment that can adversely affect
aerodynamic performance, as well as stability and control char-
acteristics. When such occurrences are sufficiently strong, vortex
breakdown may be present.

Because of the interesting physical nature and practical implica-
tions of shock-wave/vortex interactions, a number of experimental
and numerical investigations have been conducted in order to under-
stand their basic features.>~!* Many of the experimental studies have
considered vortical impingement on normal shock waves,3#611
Because of the strength of the resulting interactions, such flows were
often characterized by vortex breakdown and unsteadiness. The in-
vestigations of Kalkhoran et al.,” Kalkhoran,'? and Kalkhoran and
Sforza!® have focused on the intersection of streamwise vortices, of
various strengths, with oblique shock waves and their effect on the
aerodynamic characteristics of the shock-generating surface.

Several computations have been performed in order to numeri-
cally simulate shock-wave/vortex interactions. Solutions of both the
Euler*”# and Navier—Stokes5 ! equations have been obtained. Typ-
ically, the flow was assumed to be either axisymmetric*%1° or two
dimensional.} Metwally et al.% present results for the axisymmet-
ric Navier—Stokes equations, including a two-equation turbulence
model, which were employed to calculate the strong interaction be-
tween a normal shock wave and a vortex. The vortex velocity pro-
file was prescribed by experimental data. Corpening and Anderson’
solved the three-dimensional Euler equations for an oblique shock-
wave/vortex interaction at Mach numbers of 2.28 and 5.0. A pro-
file was assumed for the vortex velocity distribution, and a rather
coarse mesh of finite volume cells was used. The computations of
Meadows et al.® also employed an assumed vortex velocity pro-
file to simulate a normal shock-wave/vortex interaction by solving
the two-dimensional Euler equations. Kandil et al.!” considered the
laminar axisymmetric Navier—Stokes equations in order to study the
supersonic flow in a circular duct. This was the same configuration
investigated by Delery et al.,* who solved the Euler equations. Once
again, an assumed vortex velocity profile was utilized.

In all of the cited numerical simulations, no direct comparisons
were provided between the computations and any experimental data.
The present investigation attempts to numerically reproduce a phys-
ical flow situation, without prior assumptions regarding the form of
the vortex velocity profile, for which experimental measurements
are available in order to assess the ability of the computations to
duplicate the flow physics. For this purpose, the experiment of
Kaikhoran and Sforza!® was selected, which considered the flow
in a wind tunnel past the combination of a vortex-generating fin and
a wing surface producing an oblique shock.

The configuration is depicted schematically in Fig. 1 and consists
of air flow at a freestream Mach number of 3.1 and unit Reynolds
number of 8.4 x 107 /m through a wind tunnel with a cross section that
is 254 mm wide and 262 mm high. A streamwise vortex is produced
by the vortex-generating fin, which has sharp leading and trailing
edges and a sharp tip. The finis 119 mm long, 76 mm wide, and 8 mm
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Fig.1 Vortex generator/wing configuration.

thick. A Cartesian coordinate system was oriented with its vertical
(z) axis running through the center of the fin cross section and with
its origin at the fin tip (see Fig. 1). The vortex generator was attached
to the ceiling of the wind tunnel and rotated about the z axis to angles
of attack «, which were taken to be positive when the fin leading
edge was located at y < 0. In this way, a tip vortex was produced,
whose strength could be controlled by varying the angle of attack.

Downstream of the vortex generator, a shock-generating surface
was used to produce an oblique shock wave. This surface consisted
of a wing that spanned the width of the wind tunnel and had a two-
dimensional wedge as its airfoil sectional shape. The wing was 102
mm long and 19 mm thick and had a sharp leading-edge wedge
angle of 27.0 deg. The streamwise distance from the leading edge
to the upper surface expansion corner was 37.4 mm and has been
defined as the reference chord c. In the wind-tunnel model, a series
of pressure taps were located along the upper surface between the
leading edge and the expansion corner at three spanwise stations in
order to collect time-averaged data (see Ref. 13). The leading edge
of the wing was situated a distance d = 157 mm downstream of
the trailing edge of the vortex generator with « = 0 deg. The wing
leading edge was positioned a distance & below the vertical location
of the tip of the vortex generator. This height could be varied in
order to bring the core of the vortex closer to or farther from the
wing surface.

Although vortex breakdown was not detected in many of the
experimental cases, unsteadiness often occurred. As noted by
Corpening and Anderson,” vortex breakdown may not occur in
oblique shock-wave interactions when the postshock flowfield re-
mains supersonic, unlike the normal-shock situation where subsonic
flow occurs. It was observed, however, that when the vortex core
impinged near to the wing leading edge, the flowfield was unable to
support an attached shock wave.'>'* Locally then, a detached shock
wave formed ahead of the wing surface. Near its most upstream ex-
tent, this “vortex distortion shock” became normal to the oncoming
stream, with a resultant subsonic flow region immediately behind it.
This subsonic region allowed for the upstream propagation of dis-
turbances created by the vortex distortion which moved the shock
wave upstream of the wing leading edge and displaced it from its
original attached position. The detachment phenomenon appeared
to be an unsteady process that occurred predominantly when the ver-
tical position of the wing - was such that the vortex core impacted
the wing leading edge.

The objective of the present investigation is to duplicate the exper-
imentally observed oblique shock-wave/vortex interactions by so-
lution of the time-dependent three-dimensional compressible Euler
and mass-averaged Navier-Stokes equations. In viscous calcula-
tions, effects of turbulence are accounted for by a simple algebraic
eddy viscosity model. The numerical procedure is summarized, and
grid studies are provided in order to assess resolution and accuracy
requirements of the solutions. Numerical results are computed for
vortices of varying strengths, corresponding to angles of attack of
the vortex generator of o = 5.0, 7.5, and 10.0 deg. At each an-
gle of attack, cases are calculated for several values of the vertical
wing location /. Solutions are presented for the Euler and both the
complete and thin-layer Navier—Stokes equations. Characteristics of
the numerically generated flowfields are examined, and the compu-
tations are compared to experimental data in terms of static pressure
distributions on the wing surface.

Governing Equations
The governing equations were taken to be the unsteady compress-
ible three-dimensional Euler and mass-averaged Navier—Stokes
equations. The Sutherland law for the molecular viscosity coefficient

and the perfect gas relationship were employed, and Stokes’ hypoth-
esis for the bulk viscosity coefficient was invoked. Effects of turbu-
lence were accounted for by specifying a turbulent Prandtl number
of 0.90 and by incorporating a simple description of the eddy vis-
cosity coefficient. For this purpose the two-layer algebraic model of
Baldwin and Lomax!* was utilized.

Numerical Procedure

Solutions to the governing equations were obtained numerically
using the implicit approximately factored finite difference algorithm
of Beam and Warming,'> which has evolved as an efficient tool for
obtaining solutions to a wide variety of complex fluid flow prob-
lems. First-order Euler implicit time differencing was employed
along with second-order accurate central-difference approximations
for all spatial derivatives. Common forms of both implicit and ex-
plicit nonlinear dissipation'® were utilized to augment stability, with
the pressure gradient parameter given according to Swanson and
Turkel.!” Usual values of user defined damping coefficients were
assigned, and for viscous calculations the dissipation was scaled
by the square of the local velocity magnitude so that it essentially
vanished in regions adjacent to solid surfaces. Efficiency was further
increased by solving the implicit portion of the factorized equations
in diagonalized form.'?

The aforementioned features of the numerical algorithm are em-
bodied in an existing fully vectorized time-accurate three-
dimensional computer code. This code has proven to be reliable
for 2 number of both steady and unsteady fluid flow problems, in-
cluding the simulation of supersonic flows with shock waves,!*20
flows over delta wings with leading-edge vortices,?!~2* and vortex
breakdown.?>2*

The numerical flowfield for the vortex generator/wing combina-
tion was partitioned into two distinct computational blocks. These
were used to describe the flows separately about the vortex gen-
erator and the wing surface, respectively. In addition to standard
fine grids for each domain, coarse and medium meshes were also
generated for the purpose of resolution studies. Mesh parameters
for the computational grids appear in Table 1 for the representative
case « = 10.0 deg and h/c = —0.100. These parameters for other
values of « and 4 are essentially the same.

A complete description of the calculations, including the exact
geometry of the configuration, the form of the governing equations,
generation of the meshes, specification of the boundary conditions,
and details of the time-marching procedure, may be found in Ref. 25.

Results

Although the numerical flowfields were evolved in a time-
accurate manner, no unsteadiness was observed for any compu-
tations of either the vortex generator or the wing surface. Every
solution appeared to converge to a steady state. Apart from the grid
resolution study, all of the results presented here correspond to cal-
culations performed on the finest computational meshes. At each
value of «, solutions to the Euler equations were obtained for values
of i/c = 0.400, 0.067, —0.100, and ~0.267. These choices were
dictated by the experimental geometry. For the purpose of com-
parison, at & = 10.0 deg thin-layer Navier—Stokes solutions were
also calculated for all values of #/c. In addition, one solution to the
full Navier—Stokes equations was obtained for « = 10.0 deg and
h/c = —0.100.

Vortex Generator

The primary function of the vortex generator is to produce a
streamwise vortex which is convected downstream into the wing
surface flowfield. Because of the high Reynolds number involved
and lack of appreciable inviscid/viscous interaction, the vortex gen-
erator domain was simulated numerically only by solutions to the
Euler equations for « = 5.0, 7.5, and 10.0 deg. It previously has
been demonstrated® that for supersonic flows over delta wings with
sharp edges, where the separation point of a primary vortex is fixed
at the leading edge, solutions to the Euler equations afford an ap-
proximate representation of the proper total pressure loss within the
vortex core. This situation is similar to that of the vortex-generating
fin, which also has sharp edges.
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Table1 Computational mesh parameters
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Flowfield Mesh designation Mesh size ASemin ASymin ASgmin y+ NT
Vortex generator Coarse 116 x 51 x 51 1.36 x 1073 1.77 x 1073 1.98 x 1073
o = 10.0 deg Medium 174 x 77 x 77 8.81 x 1074 1.56 x 10~ 1.57 x 1073
Fine 231 x 101 x 101 6.77 x 1074 8.85 x 10~6 8.89 x 1076
Wing, inviscid Coarse 121 x 51 x 52 3.16 x 10~ 1.77 x 1073 1.69 x 10~*
o = 10.0 deg Medium 181 x 77 x 78 1.98 x 104 1.56 x 1073 1.15 x 1074
h/c = —0.100 Fine 241 x 101 x 102 1.50 x 10~ 8.85 x 1076 8.24 x 10~3
Wing, viscous Coarse 121 x 51 x 52 4.11 x 1076 1.77 x 1073 3.45 x 1076 222 3
o = 10.0 deg Medium 181 x 77 x 78 3.13 x 1070 1.56 x 10~3 227 x 1076 1.45 4
k/c = —0.100 Fine 241 x 101 x 102 2.02 x 107° 8.85 x 10~6 1.53 x 10~6 114 5

Fig. 2 Particle paths of Euler solution at tip of vortex generator for
o =10.0 deg.

0.5 1
(x—xle Me 0

Fig.4 Wing surface static pressure distributions of solutions for o 10.0
deg and & /c = — 0.100: —, Navier—Stokes; - - -, thin layer; - - -, Euler.

Fig.3 Effect of grid resolution on wing surface static pressure distri-
butions of Euler and thin-layer solutions for o = 10.0 deg and h/c =
—0.100: —, fine grid; - - -, medium grid; - - -, coarse grid.

Shown in Fig. 2 are particle paths that form at the vertical tip of
the fin for ¢ = 10.0 deg. As noted, formation of the tip vortex is
similar to that of the primary vortex formed at the leading edge of a
delta wing at angle of attack in supersonic flow, which has been the
subject of a number of investigations.'>2% Because the helical path
lines are produced by the flow expanding around the end of the fin,
the core of the vortex lies above the vertical plane of the generator tip.

Grid Resolution

Grid resolution studies were performed for solutions to both the
Euler and the thin-layer Navier—Stokes equations. The case o =
10.0 deg and k/c = —0.100 was selected in this investigation for
two reasons. First, it produced the strongest vortex, and second it
was found experimentally that in this case the vortex core impacted
very nearly on the wing leading edge. It should be noted that for
h/c < 0, the vertical location of the wing leading edge is actually
above that of the vortex generator tip.

Each respective grid of the vortex generator flowfield (coarse,
medium, fine) was used in conjunction with its corresponding coun-
terpart for the wing surface domain in order to obtain numerical
solutions for the combined configuration. Results of these compu-
tations are presented in terms of the wing surface static pressure
distributions at the three spanwise stations for which experimental
data measurements were taken (y/c = —0.13, 0.00, 0.13). Figure 3
indicates that solutions on the medium and fine grids appear to be ac-
ceptable for both the Euler and thin-layer Navier—Stokes equations.

Fig. 5 Total pressure contours, Mach number contours, and particle
paths of thin-layer solutions.

Details of the Flowfield

Static pressure distributions on the wing surface for « = 10.0
deg and h/c = —0.100 are compared for Euler, thin-layer, and
full Navier—Stokes solutions in Fig. 4. Only a slight difference is
observed between the Euler and thin-layer solutions. Most of this
difference is attributed to greater streamwise resolution near the
wing leading edge in the thin-layer result. In retrospect, the Euler
computational mesh could have been made finer in this region. It
is seen in the figure that the thin-layer and full Navier—Stokes solu-
tions are virtually indistinguishable from each other.

Features of the wing surface flowfield corresponding to solutions
of the thin-layer Navier—Stokes equations for « = 10.0 deg and
all values of h/c are displayed in Fig. 5. Contours of constant total
pressure are shown near the upstream wing domain boundary and
indicate the presence of the tip vortex. The wake of the upstream
vertical fin can also be seen to the left of the vortex. Particle paths
forming the vortex core pass through the plane of total pressure
contours and proceed downstream. For each value of /¢, individ-
ual particle paths pass through identical physical locations in the
plane of total pressure contours. Above the wing surface, contours
of constant Mach number are displayed at a spanwise position that
coincides approximately with that of the vortex core and evidence
the oblique shock wave which forms at the leading edge. Note that
the vertical location of the vortex upstream is constant but that the
height of the wing surface increases as h/c decreases. The flow ap-
proaching the wing surface has a higher Mach number in the lower
portion of the plane of the Mach number contours due to expansion
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Fig. 6 Mach number contours and particle paths of thin-layer
solutions.

in the vertical direction about the vortex generator tip that produces
the tip vortex.

It is visible in the figure that for A/c = 0.400, the vortex in-
tersects the shock wave well above the wing surface. Some distor-
tion of the shock wave is apparent. For /¢ = 0.067, the vortex
lies nearer to the wing surface, and when i/¢c = —0.100 the vor-
tex almost impacts the wing leading edge directly. In the case of
h/c = —0.267, which was the highest position of the wing con-
sidered experimentally, the vortex actually passes beneath the wing
surface. The presence of the vortex moderates the expansion over
the aft corner, which is strongest for h/c = —0.267 when the vortex
is absent. It should be pointed out that no vortex breakdown was
ever observed numerically.

The particle paths and Mach number contours appearing in Fig. 5,
but viewed in a constant y plane, are shown in Fig. 6. For clarity,
the particle paths are not delineated after they intersect with the
oblique shock wave. The viewing point for each value of #/c is
at a fixed position with respect to the wing surface. When 2/c =
0.400, a steepening shock-wave angle is seen to form locally where
the vortex crosses the oblique shock surface. A more pronounced
“bulge” in the shape of the shock geometry can be seen for h/c =
0.067. As mentioned earlier, for £/c = —0.100 the vortex impinges
close to but above the wing leading edge, and for #/c = —0.267,
the vortex can be seen to pass under the wing surface. In this case
the vortex, which travels along a slightly upward trajectory from the
vortex-generating fin, is deflected downward as it reaches the wing
lower surface. This downward deflection appears to be an inviscid
wall interference effect, as it was identical for both the Euler and
thin-layer solutions.

1t should be remarked that for all values of /¢, distortion of
the shock geometry was partially attributable to the nonuniform
condition of the upstream flow produced by expansion about the
vortex generator tip, as well as to the vortex itself. Although this
distortion was appreciable in some cases, it never occurred to such
an extent that the shock wave became normal locally, and thus the
postshock state was always supersonic.

The “convex-concave” shape of the shock produced by vortex in-
teraction is identical to that observed by Corpening and Anderson.”
They properly attributed the cause of this behavior to the nonuni-
form velocity distribution across the vortex core. Because of swirl,
velocity components on opposite sides of the core, for example,
will intersect the shock wave at unequal angles. In addition, the de-
fect in the streamwise velocity component of the core promotes the
indicated bulge. Unlike the solutions of Corpening and Anderson,
however, no lateral deflection of the vortex or crossplane flow re-
versal was observed in the present case.

Limiting streamline patterns on the wing upper surface for h/c =
—0.100 are presented in Fig. 7. Looking downstream, the vortex
rotates in a counterclockwise direction. Thus the surface pattern,
which shows flow from left to right near the spanwise region of
the vortex, clearly indicates that the vortex lies above the wing. As
the vortex particles move downstream from the leading edge, they
come in close proximity to the slanted wing upper surface, which
tends to annihilate the vortical structure. This occurs upstream of the
expansion corner where the surface streamlines are seen to become
straight, and remain so over the downstream portion of the wing
surface. No evidence of flow separation is apparent.

Fig. 7 Limiting streamline patterns on wing surface of thin-layer so-
lution for c = 10.0 deg and k/c = —0.100.
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Fig. 8 Total pressure contours of thin-layer solution for o = 10.0 deg
and k/c = —0.100.
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Fig. 9 Wing surface static pressure distributions of thin-layer, Euler,
and theoretical solutions and experimental data for baseline case.

Interaction of the vortex with the oblique shock wave is shown in
Fig. 8 in terms of total pressure contours in planes at constant stream-
wise locations as seen looking downstream. At (x — x3.)/c = —0.05
the vortex is shown immediately upstream of the wing leading edge.
In the remaining views, the lower boundary of each frame coin-
cides with the wing upper surface. Just downstream of the leading
edge [(x — xi)/c = 0.05], the vortex core and the shock inter-
sect. When (x — x;.)/c = 0.24, the vortex lies beneath the shock
and appears to have been compressed between the shock and wing
surface. It has diminished in size and become flat and oval. Far-
ther downstream [(x — x;.)/c = 0.50], the vortex has lost much
of its strength. The numerical shock is smeared due to coarseness
of the grid. Finally, at (x — xi.)/c = 0.74 the vortex is devoid of
much of its previous structure. This is consistent with the surface
streamline patterns of Fig. 7. Although some of the deterioration
of the vortex is due to viscous dissipation, this general behavior
was essentially the same in the inviscid computation. As is custom-
ary with central-difference algorithms, both the Euler and Navier—
Stokes computations required explicitly added numerical damping
in order to maintain stability, which may have contributed to dete-
rioration of the vortex.

Comparison with Experiment

Comparisons of computational results with experimentally mea-
sured wing surface static pressure distributions appear in Figs. 9-12.
All experimental® data have been time averaged. The double sym-
bols used for the measured data points in these figures represent the
experimental uncertainty in pressure coefficient, which was £0.018.
Because of the steady state attained by the computations, averaging
was not required for the numerical solutions. Figure 9 indicates
pressure distributions from both Euler and thin-layer solutions for
the flow over the wing surface when the vortex generator is not
present. This situation was referred to experimentally as the base-
line case. Also seen in the figure is the two-dimensional inviscid
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Fig. 10 Wing surface static pressure distributions of Euler solutions
and experimental data.
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Fig. 11 Wing surface static pressure distributions of Euler solutions
and experimental data.
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Fig. 12 Wing surface static pressure distributions of thin-layer and
Euler solutions and experimental data.
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Fig.13 Flowfield visualization of thin-layer solution and experimental
data for cc = 10.0 deg and & /c = —0.100.

theoretical pressure level, which compares well with both computed
results and with experimental data.

Numerical solutions to the Euler equations for « = 5.0 deg
are presented in Fig. 10. Good agreement between the computa-
tion and experiment is evident for 2/c = 0.400, which represents
the weakest interaction. This not withstanding, a decrease in the
pressure level from the baseline case due to the presence of the
vortex is indicated. When 2/c = 0.067 there is some disparity be-
tween the calculation and measurements, particularly at midspan
(y/c = 0.00). This is also true for 2/c = —0.100, which shows
some additional differences at y/c = 0.13. A large degradation in
the leading-edge pressure due to the vortex is observed. Reasonable
agreement between the numerical solution and experiment exists
for h/c = —0.267.

A similar comparison for « = 7.5 deg is provided in Fig. 11.
Here, the disparity between the numerical solutions and the exper-
imental data is greater. Even when 2/c = 0.400, the computed
pressure level is below that of the experiment. For /¢ = 0.067, the
Euler solution predicts a lower leading-edge pressure and higher
downstream level than the experiment. Although no measurements
were taken at k/c = —0.100, the computational result is provided
for completeness. The extremely low-experimental-pressure values
for h/c = —0.267 are probably due to the occurrence of vortex
breakdown, which was not seen numerically.

Resuits fora = 10.0 deg appearinFig. 12. In addition to the Euler
calculations, thin-layer Navier—Stokes solutions are also displayed.
Acceptable agreement between the computations and experiment is
apparent for A/c = 0.400. Similar to the behavior at ¢ = 7.5 deg,
when i /c = 0.067 the computed pressures are lower than the exper-
imental levels near the leading edge and higher downstream. Gener-
ally good agreement occurs fork/c = —0.100 exceptat y/c = 0.00.
Once again, the disparity is greatest for #/c = —0.267 where the
experiment would seem to predict vortex breakdown based on the
measured surface pressures. For all values of #/c, only slight vari-
ations between the Euler and thin-layer solutions are evident.

Upon comparing Figs. 10-12 for any specific vertical height, the
numerical solutions exhibit a consistent trend of decreasing surface
pressure for increasing angle of attack. It would seem logical that this
should occur as the strength of the vortex increases, thereby reducing
the core pressure. Typically, this is also true for the experiment,
except when #/c = 0.400 where levels are slighter higher for ¢ =
7.5 deg than they are for « = 5.0 deg.

A visual comparison of the shock-wave/vortex flowfield between
the experiment and the thin-layer solution for &« = 10.0 deg and
h/c = —0.100 is provided in Fig. 13. The experimental sequential
spark shadowgraphs from Ref. 13 were generated at two distinct
values of time during the unsteady investigation. At time #; no break-
down is indicated, whereas at a later time #,, a large portion of the
vortex has experienced breakdown, considerably altering the flow-
field structure. Computational results are presented as contours of
magnitude of the density gradient. The dark area seen downstream
of and parallel to the fin trailing edge is a portion of the expansion
region which forms outboard of the lateral suction surface of the
fin as it is viewed in the plane of the contours. The computational
result is observed to be quite similar to the experiment at #; when
breakdown is absent.

Flow conditions of the current calculations are similar to those
of Corpening and Anderson’ who considered freestream Mach
numbers of 2.28 and 5.0 for oblique shock waves corresponding to
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wedge angles of 20.0 and 32.8 deg, respectively. They employed a
Burgers’ vortex to numerically simulate oblique shock-wave/vortex
interactions and also found no evidence of vortex breakdown for
solutions to the three-dimensional Euler equations.

Summary and Conclusions

High Reynolds number supersonic flowfields were generated nu-
merically in order to simulate the flow past a combined vortex-
generating fin and wing surface configuration enclosed within a
wind tunnel. A comprehensive study was performed for varying
strengths of the tip vortex, which was determined by adjusting the
vortex generator angle of attack. At each angle, several vertical posi-
tions of the wing surface were considered. Solutions were obtained
to the Euler, thin-layer, and full Navier—Stokes equations.

Grid studies indicated that resolution on the finest grids was suf-
ficient to describe features of the flow for the present application.
Adequate numerical accuracy for engineering purposes, however,
could be achieved by employing approximately only one-half the
number of fine mesh points for either the vortex generator or wing
surface computational domain. Comparison between the Euler, thin-
layer, and full Navier-Stokes solutions showed that the simulated
phenomena were predominantly inviscid. Thus, meaningful wing
surface static pressure distributions resulted from Euler calculations.
Details of the numerical flowfield were elucidated and supported the
inviscid nature of the shock/vortex interaction.

Computed results were compared to time-averaged experimen-
tal data in terms of wing surface static pressure distributions. Al-
though unsteadiness was observed in the experiment, all numerical
solutions attained a steady state. Reasonable agreement between
the calculations and experimental data was found for o« =5.0 deg,
corresponding to the weakest vortex. As the vortex strength in-
creased, the agreement was less favorable. Shadowgraphs indicated
that over a portion of the unsteady cycle during experimental data
collection, in some instances vortex breakdown occurred. Thus, the
time-averaged pressures included periods characterized by transient
breakdown. Because the numerical solutions were steady and never
evidenced any vortex breakdown, the calculations differed from the
experiment in these cases.

One deficiency of the present investigation is a lack of any quan-
titative validation that the simulated vortex approaching the wing
surface matches that generated experimentally in size and strength,
Moreover, vortex breakdown may be quite sensitive to these pa-
rameters. Although grid studies were performed, it was difficult to
adequately resolve all critical flow regions, which included those
adjacent to solid walls, the entire streamwise vortical structure, and
the three-dimensional shock surface. This task could perhaps be fa-
cilitated by employing embedded and/or solution adaptive meshes.
Also, use of a flux-difference split or upwind-based numerical algo-
rithm may produce higher acuity in shock capturing by avoiding the
necessity of artificial dissipation. Finally, the effect of viscosity in
vortex generation and the effect of turbulence upon the vortex core,
which have been neglected in these computations, may also have an
impact on vortex breakdown.
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