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can be achieved only for an ec-atomic gas, it behaves as a singular-
ity during the solution procedure and the graphs of Fig. 1 become
undefined at this value. However, it can be seen from Fig. 1 that as
7Y and 7y, decrease to 1, points B and C move toward A. From this it
can be inferred that in the limiting case of Y — 1, B and C will be
located at (e, c0). Similarly, D, G, and H will be located at (eo, o0)
and E, F, and I will be located at (1, 1).

Under the prestated constraint on H,/H,, the region of flow that
can be analyzed with the method of characteristics is CBOED in
Fig. 1. On violation of this constraint expansion waves from
stream 2 are transmitted into stream 1 upstream of the reflected ob-
lique shock, curving it and increasing its strength. As a result many
streams of continuously varying Mach number are formed down-
stream of the reflected oblique shock, which may be subsonic.
This phenomenon introduces a demarcation line (KL, for H,/H, =
1 and vy, = ¥, = 1.4) in the region CBOED and reduces the domain
of applicability of analysis (to CBKLD). The exact location and
shape of this line depends on H\/H,, v;, and 7y,. In the region
KOEL, Xss > XES and in CBKLD, XSS < XES' Though CBKLD ap-
pears to be an open region from the upper end CD, it probably is
not so. For certain inlet Mach number combinations an upper limit
might also be imposed by formation of an oblique shock in stream
2 from the point of intersection of the reflected oblique shock and
the slip stream. The location and shape of this line will also be
functions of the tunnel geometry and inlet flow parameters.

Shape of the Slip Stream

Computed slip-stream shapes are shown in Fig. 2. The disconti-
nuity in the slope of the slip stream at the point of intersection by
the reflected oblique shock is clearly marked. Furthermore, for a
given value of M,, the change in the abscissa of the point of inter-
section of the reflected oblique shock and the slip stream is negli-
gibly small. This point houses the first major maxima of the shape.
The ordinates of the maxima increase as M| increases and have an
upper bound of = (.45 before the occurrence of the secondary
shock in stream 2 upstream of the following minima. Downstream
of the maxima, curvature of the slip stream slowly increases, and a
point of inflection occurs just upstream of the first minima. The
abscissa of the minima is almost twice that of the maxima. The
probability of occurrence of a shock in the upstream neighbour-
hood of the minima is very high, as is indicated by the kinks in the
slip-stream shape at this location for high values of M. The kinks
indicate actual formation of Mach disk or shock-like compression
front in stream 2 because of the intersection of Mach waves of the
same family. Increase in the size of the kink with an increase in M,
indicates its proportionality with the strength of the secondary
shock. The absence of a kink at this location does not imply the
complete absence of shocks. In fact, it indicates the formation of
shocks in stream 1 downstream of the minima rather than in stream
2. It should also be observed that the slip stream flattens out as M,
increases. The maxima and the minima move forward on the ab-
scissa, and the ordinates of these points decrease. Still, the ratio of
the abscissa of these points remains almost the same.

All the computations were performed in single precision to an
accuracy of 107 except in Fig. 1 where it was reduced to 102 in
M, and M, to save computer time. For computation of the slip-
stream shape, the angular separation between consecutive charac-
teristics was taken to be 1 deg.

Discussion

Though the methodology presented in the préceding sections is
promising in that it can reveal vital structural information about a
flow space, it should be used with caution since assumptions of in-
viscid and planar flowfield break down in most practical situa-
tions. Viscosity leads to dissipation in the strength of shock waves,
changing the analysis drastically. Still, with appropriate modifica-
tions in the numerical scheme the methodology outlined here can
be adopted. in most flow situations. It is expected that even after
adaptations are incorporated to take care of the viscosity, three-di-
mensionality, and mixing in the flowfield, the philosophy, effi-
ciency, and use of the analysis methodology presented here would
remain unaltered.

The slip stream has been considered as an infinitely thin inter-
face, which is acceptable as a first approximation. In actual flow-
fields the slip stream is considerably thick because of mixing, and
thickness increases as one goes downstream. In these cases the in-
finitely thin interface may (perhaps) be taken to be some mean line
of the slip stream.
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Introduction

T is a well-documented fact that the flow about a slender

pointed body of revolution at zero yaw becomes asymmetric at
some high angle of attack; e.g., see Ref. 1. The initially symmetric
vortex pair on the lee side rearranges into an asymmetric configu-
ration with the asymmetry starting either at the tail of a long after-
body or at the tip of a slender, pointed nose. This asymmetric flow
leads to a side force acting on the body. A similar phenomenon of
an initjally symmetrical vortex pair becoming asymmetric has
been observed long ago on a circular, two-dimensional cylinder set
into motion impulsively in a fluid initially at rest.? This flow was
studied theoretically by Foeppl.® He investigated the stability of
the symmetrical vortex pair with respect to small, symmetric and
antisymmetric displacements and found that the symmetrical vor-
tex pair is stable for symmetric but unstable for antisymmetric dis-
turbances. This result suggested that a “fin” between the vortices
would lead to stable, symmetric flow. These considerations were
carried over by means of unsteady-flow analogy to the three-di-
mensional vortex flow behind the corresponding inclined cylinder
and qualitatively to the inclined cone.* The effect of such a fin on
the flow past a slender cone was studied by means of flow visual-
ization in a water tunnel at a low value of Reynolds number and in
a low-speed wind tunnel at about 10 times the value of Re. The fin
largely suppressed vortex-flow asymmetry; therefore, a quantita-
tive investigation of the surface pressures and forces on the cone
without and with fin was carried out.

Results were reported by Ng,’ concurrently with Stahl’s first re-
sults,* on such a fin on a nose suppressing vortex asymmetry. Var-
ious other methods have been found to be effective in reducing or
suppressing vortex-flow asymmetry; e.g., see Ref. 1.

Experimental Setup and Techniques
The wind tunnel that we used at King Fahd University of Petro-
leum and Minerals (KFUPM) is of the partially open return type
with a closed horizontal test section of 0.8 m x 1.1 m and length of
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Fig. 1 Surface-pressure measurement model and mounting.

3 m. Maximum freestream velocity is U,, = 35 m/s. The basic cir-
cular cone had a semi-apex angle y = 8 deg, length L = 500 mm,
and base diameter D = 140.5 mm. To this cone could be added a
vertical flat-plate fin extending from the tip to the base, with its
outer edge on a ray through the cone apex. Fin height above the
cone surface was H; /R = 1.0 (R denotes the sectional radius of
cone). Pressure taps (¢ = 1 mm) were arranged on the circumfer-
ence at four axial sections at distances from the apex X/L = 0.2,
0.4, 0.6, and 0.8, respectively; see Fig. 1. A groove of 4-mm width
for application of the fin along the uppermost lee-side generator
was closed by a filler plate when the fin was not used. The hollow
cone was made of two symmetrical vertical shells. The surface was
left in the machined condition; i.e., no paint was applied. The pres-
sure taps were connected by means of plastic tubes (1.5-mm inner
diameter) to the manometers outside the test section. The model
was supported at the base on a sting through which the plastic
tubes came out (see Fig. 1) and kept approximately in the middle
of the test section for all tests. The fin was also equipped with sur-
face pressure taps on both sides, at the same axial sections as the
taps on the cone.

The pressure measurements were performed, at one fixed roll
angle, at angles of attack o = 15, 17, 20, 25, 30, and 35 deg and
nominally zero yaw (B < 0.2 deg) at Rep, = 1.42 x 10° (formed with
base diameter D) using Betz-type manometers. The circumferen-
tial pressure distributions on the basic cone were subsequently in-
tegrated to give sectional side and normal forces. Full results are
reported in Ref. 6.

Results and Discussions

The value of the Reynolds number of our tests suggests that a
laminar boundary layer is separating from the cone.! However, the
flow passes over pressure taps and various covered holes and
gaps, and it is known that pressure taps can act like tripping wires,
leading to premature transition of the laminar boundary layer. Sur-
face oil-flow visualizations did not provide conclusive results in
this respect.

The circumferential pressure distributions on the cone without
fin show onset of distinct asymmetry, with respect to the incidence
plane, at o = 17 deg, and the degree of asymmetry is becoming
larger with increasing incidence. When the fin is attached along
the cone’s leeward generator, the circumferential pressure distribu-
tions become practically symmetrical, clearly revealing the effect
of the fin in largely suppressing the large vortex-flow asymmetry
present on the basic cone. This is shown, in an exemplary way, in

Fig. 2 by the pressure distributions, without and with fin, at a0 = 35
deg at section C. However, with the fin attached, there is a small
degree of asymmetry left; in general, with higher suction on the
starboard side, and more expressed at the foremost section, A. This
is probably attributable to the fact, that a small lateral dislocation
of the fin near the tip sets up a relatively large asymmetry in the
model geometry.

There were also pressure taps on each side of the fin aligned
with the measuring sections of the cone. At the three axial sections
B, C, and D, the suction along the height of the fin is distributed
fairly symmetrically on both sides. In section A, due to some
clogged pressure taps, meaningful comparisons were not possible.

The circumferential pressure distributions were subsequently in-
tegrated to obtain the sectional side and normal force coefficients,
Cy and C,, respectively (with forces based on dynamic pressure
and sectional diameter), at each of the four axial measuring sec-
tions. Sectional side forces on the cone, without fin, distinctly ap-
pear at o = 17 deg, due to the clear asymmetry in the pressure dis-
tribution. With increase in angle of attack, the leeside vortex flow
as well as the pressure distribution become more and more asym-
metric, leading to larger and larger sectional side forces. These
forces do not change sign in the range of angles of attack investi-
gated here. At oo = 17 deg, the side-force coefficient C,, varies only
a little along a large portion of the cone, indicating a largely coni-
cal flowfield. At higher incidences, deviations from conicality be-
come expressed. This might be attributed to the fact that the tip of
a real model has probably some arbitrary, nonconical shape (as
was actually verified by examination of various of our cone mod-
els under the microscope) and provides arbitrary initial conditions
to the flow, which might develop into a conical or nonconical
flowfield.” ’

The sectional normal-force coefficient C, on the basic cone in-
creases roughly linearly with incidence, after asymmetry has set
in, as a consequence of the overall effect of the change in vortex
strengths and positions of the asymmetric vortices. Again, for o =
17 deg almost constant normal-force coefficients are found along
the cone, indicating nearly conical flow. With increasing inci-
dence, deviations from conicality become more apparent. The ratio
C,,/C, for the cone without fin starts out with very small values at
o = 15 deg for nominally symmetrical flow; at the largest mea-
sured angle, oo = 35 deg, the sectional side forces are almost as
large as the normal forces (C, /C, ~ 80%). The values of the ratio
do not show much variation over a large part of the cone, except
near the tip; see Fig. 3. When the fin is attached to the cone, we ob-
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serve that the sectional side-force coefficients on the cone have
dropped by an order of magnitude along most of the cone from the
values obtained on the basic cone. It can, therefore, be concluded
that the use of such a lee-side fin on a circular cone is quite effec-
tive in reducing side forces. The sectional normal-force coeffi-
cients on the cone without and with fin attached, on the other hand,
differ only slightly. Obviously, in the presence of the fin, the other-
wise asymmetric vortex configuration adjusts in such a way that
the vortices assume some intermediate, symmetric position and
strengths, so that the overall flowfield provides practically the
same sectional normal force at each section.

Conclusions

Flow visualization tests carried out on a slender circular cone
without and with a fin attached to the lee side demonstrated that
the fin largely suppresses vortex-flow asymmetry that is present on
the cone without fin. Circumferential pressure measurements at
four sections along the cone showed that the fin is reducing the
large side forces acting on the cone without the fin by an order of
magnitude to very small values. Furthermore, it should be possible
to use a vertically movable fin, with height, insufficient to sup-
press asymmetry, to exploit the associated side force for control
purposes.
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Numerical Implementation of a
Modified Liou-Steffen Upwind Scheme
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Technical State University,
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Introduction

EVERAL recent efforts!=3 have focused on the development

of upwind schemes for the Euler equations that combine the
accuracy of flux-difference splittings* in the capturing of shear lay-
ers with the robustness and low cost of flux-vector splittings.> Per-
haps the most popular of these “hybrid” upwind algorithms is the
advection upstream splitting method (AUSM) of Liou and Stef-
fen.? In this approach, the inviscid flux at a cell interface is split
into a convective contribution, which is upwinded in the direction
of the flow, and a pressure contribution, which is upwinded based
on acoustic considerations. The treatment of the convective portion
of the flux allows the AUSM to capture a steady contact disconti-
nuity without excess numerical diffusion. As a result, the AUSM
can capture shear layers quite accurately, even with a first-order
discretization. Under certain conditions, however, a first-order
AUSM discretization will capture a strong normal shock in a non-
monotone fashion, effectively precluding the possibility of an ac-
curate higher order extension in the shock region. Nevertheless, the
AUSM would appear to be a viable alternative to more “standard”
upwind approaches, both in terms of accuracy and efficiency.

As with most flux-vector splitting approaches, different forms
for the AUSM interface flux are required for subsonic or super-
sonic values of the state Mach number. In addition, the evaluation
of the convective portion of the interface flux for subsonic situa-
tions involves a discontinuous switching between left and right
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states. Potential users of the approach may be daunted somewhat
by this seeming complexity, especially if an implicit formulation
based on an exact linearization of the AUSM is needed. In this
Note, a particular construction of the AUSM interface flux that
does not require if-then-else Fortran logic to account for switches
among the various states is presented. Based on this “compact™
formulation, two linearizations, one nearly exact within a finite
volume framework and the other an approximate, but much sim-
pler, node-based formulation, are also presented. A simple method
for “blending in” elements of the more dissipative Van Leer/Hénel
flux-splitting scheme,’ useful for eliminating the non-monotone
behavior of the AUSM in the vicinity of a strong normal shock, is
also included in the analysis. For reasons of simplicity and com-
pactness, the development that follows considers only first-order
interpolations from states i and i + 1 on either side of the cell inter-
face i + 1/2 and assumes a two-dimensional flow of a single-com-
ponent perfect gas. Unless otherwise noted, all quantities relating
to metric derivatives, etc., are assumed to be evaluated at the cell
interface.

Interface Flux Definition
We begin by writing the inviscid flux in the kth generalized-
coordinate direction (k = &, 1) as the sum of convective and pres-
sure components:

F=F'+FP= '—';—"IMIZ"H '—Vj—klpﬁp ey
where
pa 0
Fe= |PU Fr= ks @)
pva k,
Ha 0
. k
= by
kx,y - |Vk| (3)
H = plye + (1/2)u* + v3)] )
p=(¥-1Dpe (5)

The contravariant Mach number M is given as
1 ~ ~
M=‘—l(kxu+kyv) (6)

where a is the speed of sound.

Following Ref. 2, we define an appropriate interface flux F, by
considering the behavior of the convective and pressure compo-
nents separately. The convective portion of the interface flux F; ,,
is given by

Vk ¢ - pc
Fip = D R R ™
where
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In the preceding equations, the split Mach number M * is defined
as

M., = 2(1/8) (M5, £ 107 (10)
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