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Introduction

EALISTIC numerical simulations of vortex flows around
aircraft require three-dimensional discrete models of
significant size.! The recent construction of a 16-million-word
memory for the CYBER 205 has allowed tests of 1-million-
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grid-point models on a practical basis within reasonable
elapsed times. Prior to this it was hoped that this type of com-
putation could be performed with disk I/0, but experience
showed that heavy time penalties were encountered due to the
demands of the flow-solving algorithm. Therefore, good
virtual-memory-management techniques within a sufficient
working set of real memory seem to be the only effective way
to carry out such large-scale simulations. The other crucial re-
quisite is a large bandwidth communciation channel between
the memory and the arithmetic unit.

What do we expect to see in the inviscid simulation as the
discrete model grows larger, with more and more grid points
added in the discretization? For one thing, the accuracy will
improve but, more importantly for the physical understand-
ing, the allowable degrees of freedom in the solution increase
so that we may begin to study fundamental flow instabilities
such as the interacting of stretched vortices as described by the
continuum equations. The advent of supercomputers with
very large real memory just now offers the possibility to ex-
plore such phenomena numerically.

The type of vortex flowfield we want to simulate develops
when a delta-shaped wing meets an oncoming stream of air at
a high angle of attack. The flow separates from the wing in a
shear layer along the entire sharp leading edge and, under the
influence of its own vorticity, coils up to form a vortex over
the upper surface of the wing. The high velocities in the vortex
create a low-pressure region under it, which gives the wing a
nonlinear lift. The flow also separates in a shear layer from the
trailing edge of the wing, which forms into a wake vortex. The
primary and wake vortices then interact with each other
behind the wing. The appropriate model to describe the fluid
mechanics of this vortex flow is the compressible Navier-
Stokes equations. But if the Reynolds number of the flow is
very large—say, over 10 million—the shear stresses and
dissipation terms take effect only in very thin layers of the
flow on the surface of the wing and across the shear layers that
separate from the leading and trailing edges. For this type of
flow, it is these free shear layers, and not the boundary layer,
that contribute the greatest amount of vorticity. The intent of
this paper is to study the dynamics and the stability of these
free shear layers by means of numerical simulation. Because
the layers are thin and not influenced by the no-slip boundary
conditions, the shear stresses and dissipation terms do not
have to be accurately represented. They can instead be
modeled by simpler nonphysical expressions. In this way the
equations we solve are the Euler equations with an artificial
viscosity model. The flow, therefore, is inviscid except across
thin discontinuities like shock waves and vortex sheets that are
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Fig. 1 Energy cascade of high Reynolds number turbulent flow.
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Fig.2 Inviscid compressible vortex flow highly stretched by a twisted cranked-and-cropped delta wing simulated by the Euler equations on a grid of

193 X 57 % 97 nodes.

admitted in the solution where irreversible processes can take

place.

Discrete Flow Model

We use Eriksson’s method of transfinite interpolation? to
construct a boundary-conforming O-O-type mesh with just
over 1 million cells around a cranked delta wing. The Euler
equations can be expressed as an integral balance of the con-
servation laws

_(%Sgquv+ SSH(q)-nds=SST-nds M

where ¢ is the vector with elements of mass, momentum, and
energy. The flux quantity H(g)-n represents the net flux of g
transported across, plus the pressure p acting on, the surface S
surrounding the volume of fluid, and T is the artificial viscos-
ity model. The finite volume method then discretizes 1) by
assuming that ¢ is a cell-averaged quantity located in the

center of the cell and that the flux terms H(g) -n and T-n are
defined only at the cell faces by averaging the values on each
side. A more detailed description of the method is given in
Ref. 3. With the appropriate boundary conditions, a two-
level, three-stage Runge-Kutta scheme steps the solution for-
ward in time.

Vortex-Flow Simulation

The flow model we have described dissipates phenomena
whose wavelength is on the order of the mesh spacing, and so
it mimics the action of the real Newtonian viscosity, which for
high Reynolds number flows acts on the molecular scale.
Therefore, the smaller we make the mesh spacing by adding
more grid points, the finer the scale length of the phenomena
we can resolve without its being obliterated by the dissipation.
We hypothesize that, given a sufficient number of grid points
to support the small scales, the Euler equations do model the
onset of turbulent flow with an inertial range in the energy
spectrum (Fig. 1). The mechanism for the excitation, as well as
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the probable instability of the small-scale flow features sus-
tained by the transfer of energy from the large scales, is the
stretching of vorticity caused by the external straining of the
free shear layers and the shock waves in this transonic flow.
This mechanism is expressed by the vorticity equation for
compressible nonisentropic flow

D o

W 1
= — E+——(grad p X grad
Dr » p p3(gr pXgrad p)

where E is the rate-of-strain tensor.

The aim then is to test this hypothesis in a numerical experi-
ment simulating a flow where the term (w/p) - E is large. This
is feasible because the stretching and distorting of the primary
vortex can be accentuated by the geometrical shape of the
wing. Consider flow past a cropped delta whose leading edge
is not a straight line nor does it even lie in a plane—a so-called
cranked-and-cropped delta wing with twist. The core of the
vortex generated by the leading edge inboard of the crank will
not be straight, and its velocity field will strain the leading-
edge vortex starting outboard of the crank. The simulated
flow for M, =0.9 oo =8 deg using a grid of 193 X 57 X 97 nodes
is displayed in Figs. 2. The first of these figures gives a
schematic representation of the main discernible features in
the isoMach lines on the upper surface of the wing. Inboard of
the crank a leading-edge shock wave interacts with the primary
vortex, while further aft the flow is rather smooth except for a
shock and a shear line. )

Outboard of the crank and shear line, it changes dramati-
cally. The different leading-edge sweep causes the inboard
vortex to degenerate from a well-ordered feature into many
smaller-scale eddies with substantial transient frequencies.
The mechanism for this physical flow instability is, we believe,
the stretching of the vortex produced at the crank. OQutboard
of the crank, another shock and vortex appear along the
leading edge. This vortex then runs into the side edge of the
cropped tip, turns because of the shear flow separating from
the edge, and degenerates into small eddies. The overall flow
pattern suggests, qualitatively. at least, the presence of large-
scale coherent turbulence. This particular wing exists only as
numbers in the computer; we have no measurements to com-
pare with and therefore cannot yet assess the quantitative
realism of the simulation. The integrated values of lift and
drag, C, =0.466 and Cp,=0.059 are quite reasoniable. Com-
parison of the flow simulated after 1000 time steps and 2000
time steps indicates that these values change very little and that
the flow is at least statistically steady. The small eddies
meander around the upper surface but not. out of the
flowfield. These first results seem to support the hypothesis of
energy transfer to small scales by vortex stretching.

The turbulentlike character occurs not only on the wing sur-
face but out in the field as well. The isobars in three chordwise
surfaces (Fig. 2¢) confirm the trend from laminar to turbulent
flow. The highly compressible nature of this case is evident
around the leading edge. It seems that the shock waves at the
leading edge produce entropy layers that are shed into the field
over the wing. This layer is reasonably thin, but Fig. 2f reveals
its unstable wavelike character in the spanwise direction from
the crank to the tip.
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N the course of the present study, an experimental in-

vestigation of the dynamics of the MR — RR transition over
concave cylinders was performed. It was found that the pro-
cess goes through the following sequence of events: direct
Mach reflection — stationary Mach reflection — inverse Mach
reflection and finally transition to regular reflection. Further-
more, it is shown that the steady (P,8) shock polars can be
used in a special way to understand the transition process and
also to explain the resulted wave configuration.

The present experimental study brings more light and
understanding to this complex transition phenomenon over a
concave cylinder. It is hoped that the present study will be of
help to investigators interested in establishing the analytical
transition criterion for this reflection phenomenon.

Present Study

Figure 1 illustrates the triple-point trajectory of the Mach
reflection over the the concave cylinder. The experimental
results indicate that the length of the Mach stem M\ increases
from A\=0 to a maximum, after which it decreases until it
vanishes (A =0) at the point where transition to regular reflec-
tion takes place. It should be noted that the first measured
data point is not at the beginning of the cylindrical wedge;
however, since A must start from zero, a reasonable trajectory
is drawn in dashed lines in the region where experimental data
are unavailable. Consequently, the triple-point trajectory can
be divided into two parts; a part in which d\/ds>0 and a part
in which d\/ds< 0, where s is a distance measured along the
wedge surface.

Courant and Friedrichs! introduced three different types of
Mach reflection depending upon whether the triple point
moves away from, parallel to, or toward the reflecting wedge.
These three different types of Mach reflection, which were
termed by them direct Mach, stationary Mach, and inverse
Mach reflections, are shown schematically in Fig. 2 as inserts
A, B, and C, respectively.

Following Courant and Friedrichs,! one can conclude that
the experimental measurement of the triple-point trajec-
tory (Fig. 1) suggests that the reflection of a planar shock
wave over a concave cylinder goes through the following
sequence of events: a direct Mach reflection along the
part where d\/ds >0, a stationary Mach reflection at the point
where dA/ds=0, an inverse Mach reflection along the
part where d\/ds<0, and finally a regular reflection after the
point where the MR —RR transition occurs.

In order to get a better insight into this phenomenon, it was
decided to divide the truly unsteady flow into a sequence of
momentarily pseudosteady flows and to use the steady (P,6)
polars. Although the use of steady (P,f) polars for truly
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