94 AJAA JOURNAL

VOL. 30, NO. 1

Instabilities of Flows over Bodies at Large Incidence

David Degani*
NASA Ames Research Center, Moffett Field, California 94035

The phenomena of the flow about an ogive-cylinder placed at incidence to an oncoming stream were nu-
merically investigated for angles of attack of 60 and 80 deg. It was found that the flow around the cylindrical
part of the body became unsteady, and vortex shedding was observed. For the 80-deg case, the corresponding
Strouhal frequency was about 0.2, which is in agreement with the average value of the Strouhal frequency for
flow around a two-dimensional cylinder. For both angles of attack, a small temporal disturbance of finite
duration was sufficient to trigger the unsteadiness, which evolved to a finite amplitude fluctuation in the wake.
Therefore, it seems possible that the origin of flow unsteadiness and vortex shedding in the wake is an absolute-
type instability of the originally steady flow. When a permanent disturbance was also added near the tip of the
body in the case of 60-deg angle of attack, a pair of steady, asymmetric vortices emerged from the vicinity of
the body nose. These vortices could be the result of a convective-type instability of the originally symmetric

flow. It appears that both types of instability may coexist.

Nomenclature
a. = speed of sound
C, = normal-force coefficient
C, = pressure coefficient
C, = side-force coefficient
D = maximum diameter of body
h = disturbance height
M. = freestream Mach number
Re;, = Reynolds number based on D
i = nondimensional time, ta./D
x,y,z = coordinate system
o = angle of attack
&,m,{ = computational coordinate system
p = density
b = circumferential roll angle

Introduction

HE mechanisms that lead to an asymmetric vortex wake

in three-dimensional flow over a body of revolution at
incidence are not well understood at the present time.!? Sev-
eral mechanisms for laminar and fully turbulent flows*+* and
for transitional flows® have been advanced but none of them
has been found to be satisfactory.

At a low angle of attack, the flow, as observed experimen-
tally,*¢~'% is almost symmetric. Results of previous thin-layer
Navier-Stokes computations!! ** for vortical flow over an ogive-
cylinder body at a = 20 deg were perfectly symmetric and
agreed very well with experimental measurements.* Intro-
ducing a small geometric perturbation'® near the tip of the
body had only small effect on the flowfield. The vortical flow-
field above the body had very little asymmetry and the pri-
mary vortices were almost parallel and located close to the
upper body surface.
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It was found experimentally (cf., Refs. 4,6-10,16) that at
an angle of attack of 40 deg, as the size or the location of the
disturbance changed, for example, the roll-angle position of
a small geometric bump near the tip of the nose, the position
of the first pair of primary vortices changed in a continuous
way. Sometimes, the variation with roll-angle position of the
nose became almost periodic,'® where at the crossover points
the vortices became almost symmetric. It was also observed
that, for a given configuration, there was a maximum extent
of vortex asymmetry such that an increase in the level of the
disturbance did not further increase the extent of asymme-
try.'¢

Previous Navier-Stokes computations'' ~'# showed that even
for an angle of attack of 40 deg the computed flow remained
symmetric and was stable to small, temporal perturbations.
When a space-fixed, time-invariant perturbation was intro-
duced into the computation, the flowfield became highly
asymmetric.’*!* The flow asymmetry in the vicinity of the
disturbance was very small but grew rapidly beyond the point
where the primary vortices curve away from the body. When
the disturbance (a small jet in Ref. 13) was removed, the
flowfield relaxed back to a symmetric state.!''* On the other
hand, when a geometric perturbation was used and its height
was cut to one half of the original size (from 1.0 to 0.5% of
the body diameter), the computational results show a small
decrease in the extent of asymmetry but a change in sign of
the total side-force coefficient.

On the basis of the observed character of the flow, namely,
the rapid growth of the disturbances in the wake of the body,
and the fact that upon removal of the disturbance the wake
relaxed back to the original symmetric flowfield, it was
suggested'® that the asymmetric flow that exists at « = 40
deg is the result of disturbing a convectively unstable sym-
metric flow. The basis for the suggestion becomes clear when
it is recalled that, for a convectively unstable flow, initially
growing disturbances that are triggered by a short-duration
excitation will be washed downstream and, in the absence of
further excitation, the flow will return to its original undis-
turbed state.

The situation changed when the angle of attack was in-
creased above 50 deg. Experiments'® showed that the varia-
tion of the side force with nose roll angle changed from a
continuous distribution to one approaching a square wave,
and the amplitude of the side force decreased as the angle of
attack increased. For angles of attack >60 deg, the flowfield
exhibited a significant amount of unsteadiness due to periodic
vortex shedding in the wake behind the cylindrical portion of
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the body, and the mean side-force variation with nose angle
was almost zero.

In the current work, computations based on a thin-layer
Navier-Stokes code have been applied to further investigate
the phenomena governing the onset of vortex asymmetry and
vortex shedding at these high angles of attack. Time-accurate
solutions were obtained for flow over an ogive-cylinder body
for angles of attack of a = 60 and 80 deg and a Reynolds
number (based on freestream conditions and cylinder diam-
eter) Re, = 2 x 10°.

Theoretical Background
The dimensionless conservation equations of mass, mo-
mentum, and energy can be represented in a flux-vector form
that is convenient for numerical simulation as'’

3.0 +aF+ F)+0(G+G)+o(H+H)Y=0 (1)

where 7 is the time and the independent spatial variables &,
7, and ¢ are chosen to map a curvilinear body-conforming
grid into a uniform computational space. In Eq. (1), Q is the
vector of dependent flow variables; F = F(Q), G = G(0),
and H = !:I(Q) are the inviscid flux vectors, and the terms F,,
G,, and H, are fluxes containing the viscous derivatives.
For body-conforming coordinates and high Reynolds num-
ber flow, if £ is the coordinate leading away from the surface,
the thin-layer approximation can be applied, which yields'®*”

3.0 +oF +3,G + aH = Re 13,8 )
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where only viscous terms in ¢ are retained. These have been
collected into the vector §, and the nondimensional Reynolds
number Re is factored from the viscous flux term.

The implicit scheme employed in this study is the algorithm
reported by Steger et al.?® The algorithm uses flux-vector
splitting®! and upwind spatial differencing for the convection
terms in one coordinate direction (nominally streamwise). As
discussed in Ref. 20, schemes using upwind differencing can
have several advantages over methods that utilize central spa-
tial differences in each direction. In particular, such schemes
can have natural numerical dissipation and better stability
properties. By using upwind differencing for the convective
terms in the streamwise direction while retaining central dif-
ferencing in the other directions, a two-factor implicit ap-
proximately factored algorithm is obtained. Additional details
of the numerical algorithm can be found in Ref. 20.

Computations were performed for subsonic flow over an
ogive-cylinder body, which consisted of a 3.5-diam tangent
ogive forebody with a 7.0-diam cylindrical afterbody extend-
ing aft of the nose-body junction to x/D = 10.5. The grid
consisted of 120 equispaced circumferential planes (A¢ = 3
deg) extending completely around the body. In each circum-
ferential plane, the grid contained 50 radial points between
the body surface and the computational outer boundary and
59 axial points between the nose and the rear of the body
(Fig. 1). This grid spacing was found adequate for similar
flowfields in previous calculations.'' 13

An adiabatic no-slip boundary condition was applied at the
body surface, whereas undisturbed freestream conditions were
maintained at the computational outer boundary. An implicit
periodic continuation condition was imposed at the circum-
ferential edges of the grid, whereas at the downstream bound-
ary, a simple zero-axial-gradient extrapolation condition was
applied. This simple extrapolation boundary condition is not
strictly valid in subsonic flow since the body wake can affect
the flow on the body. However, by letting both computed
body lengths extend beyond the physical length of the ex-
perimental model®” and by neglecting the portion of the flow
near the downstream boundary, the effect of the boundary
can be minimized. On the upstream axis of symmetry, an
extrapolation boundary condition wa: used to obtain the flow
conditions on the axis from the cone of points one axial plane
downstream.

In these computations, a time-accurate solution was re-
quired. Thus, the second-order time-accurate algorithm was
used with a globally constant time step. The flowfield was

Fig. 2 Geometrical disturbance.
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a) Helicity density contours

b) Off-surface streamlines

Fig. 3 Computational results (without geomeétrical disturbance) for
a = 60 deg, M, = 0.2, and Re, = 2 X 105,

initially set to freestream conditions throughout the grid, or
to a previously obtained solution, and the flowfield was ad-
vanced in time until a solution was obtained.

A small geometric bump was added to the body surface to
act as a symmetry-breaking perturbation (Fig. 2). The height
of the bump ranged from 0.005 to 0.02 of the body cylinder
diameter, the length of the bump was 0.05 of the body di-
ameter, and it was located at x/D = 0.025 and 90 deg circum-
ferentially from the windward meridian.

The code required approximately 8 x 10-° s/iteration/grid
point on the NAS CRAY-2 computer. This translates to ap-
proximately 27 s/iteration. Further, the need to resolve the
thin viscous layers for high Reynolds number flow required
that the grid have a fine radial spacing at the body surface.
As a result, the allowable computational nondimensional time
steps were found to range from 0.008 to 0.010.

Results

a = 60 Degrees

Experiments®’-!° showed that at angles of attack larger than
50 deg the flowfield exhibited a significant amount of un-
steadiness due to vortex shedding in the wake of the flow
over the cylindrical portion of the body. Vortex shedding from
a two-dimensional cylinder can be described as a phenomenon
involving absolute instability, which means that, in order to
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Fig. 4 Side-force coefficient history: a = 60 deg; M. = 0.2; Re, =
2 x 10°.

- move the flowfield from an unstable symmetric wake to a self-

sustained oscillation of the wake, it is sufficient to introduce
a symmetry-breaking perturbation only for a short period of
time. It remains to be seen whether the origin of unsteadiness
and vortex shedding for a finite-length body also can be de-
scribed as an absolute instability of an originally steady sym-
metric flow.

To test this computationally, a case was initiated for a =
60 deg, with the initial solution that of the symmetric a =
40-deg case. A small change of flow density was imposed in
a small volume on one side of the body near the tip. The
perturbation was removed after the total side force (which
was zero at the beginning of the process) became about 5%
of the total normal force (at 7/ = 32, Fig. 4). The flowtield
continued to evolve to an unsteady oscillating one. The flow
is instantaneously highly asymmetric even without the pres-
ence of a permanent geometric disturbance, but is fluctuating
around a symmetric mean. From Figs. 3, which show the
helicity density?*-* contours and the corresponding off-surface
instantaneous streamlines, the fact that the flowfield is highly
asymmetric becomes more evident. The first pair of primary
vortices docs not curve away from the nose as one would
expect, but rather stays parallel to the body upper surface
and ultimately curve away only on the aft part of the body.
It is also evident that all four vortices interact with each other
in a relatively small space above the aft part of the body. As
a result, the instantaneous streamlines do not form tight vor-
tices but are diffuse. It was also found that all vortices change
their positions as time evolves, moving back and forth with
a small amplitude, possibly correlated with the changes in the
side force.

From experimental observations®” ' for an angle of attack
of & = 60 deg, it was expected that the first pair of vortices
would lift off near the tip. This behavior was not observed in
the computational results. Based on the flow behavior ob-
served at a = 40 deg, it seemed plausible that, in order to
excite the tip vortices, a space-fixed, time-invariant pertur-
bation would again be needed. Accordingly, another com-
putational experiment was conducted by adding a geometric
disturbance (/D = 0.01) at x/D = 0.025 on the nose of the
body. The computations were continued using the previous
solution as an initial solution. Figure 4 presents the time his-
tory of the side-force coefficients. Up to the time when the
permanent perturbation was added (marked by the “ON”
arrow), the flow was unsteady but fluctuated around a sym-
metric mean flow. After the geometric disturbance was added,
the flow still exhibited large-amplitude oscillations in side
force, but the fluctuating flow developed an asymmetric mean
component. This is also evident from the helicity density con-
tours and the corresponding off-surface instantaneous stream-
lines (Figs. 5). Immediately after the geometric disturbance
was added, a relatively weak vortex lifted off near the tip on
the side of the nose where the disturbance was located. Later,
after a development that took A7 = 25 (which is about the
time for a particle in the flow to travel three body lengths),
a second, stronger vortex lifted off from the opposite side of
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the nose. At the same time, the vortices above the cylindrical
afterbody continued to be unsteady, analogous to the un-
steadiness that existed before the disturbance was introduced
on the nose. Again, the instantaneous streamlines above the
aft cylindrical portion of the body do not form tight vortices;
they fill the whole space between the body and the second
primary vortex, and they move back and forth with time,
similar to experimental observations (cf. Fig. 6, taken from
Ref. 10). Finally, when the disturbance was removed (marked
by the “OFF” arrow in Fig. 4), the flow returned to osciliate
around a symmetric mean with about the same frequency as
before. These computational results are also consistent with
recent experimental observations.”*

a = 80 Degrees

For technical reasons, the cylindrical portion of the body
for the case of @ = 80 deg is shorter (L/D = 6.5) than that
used for the other cases. From experiment,®” ! it is known

b) Off-surface streamlines

Fig. 5 Computational results (with geometrical disturbance) for #/D
= 0.01, @« = 60 deg, M.. = 0.2, and Re,, = 2 X 10°.
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that at this angle of attack the flow about the cylindrical
portion of the body should be fluctuating at a Strouhal number
of about 0.21 {the Strouhal number of flow around a two-
dimensional cylinder under the same flow conditions). The
computations were started from uniform freestream flow. A
short time perturbation, similar to the one used for the o =
60-deg case, was imposed. The flowfield very rapidly became
oscillatory, with fluctuations yielding highly asymmetric in-
stantaneous flows around a symmetric mean. Figure 7 shows
the time history of the side-force coefficient for this case. It
is obvious that vortices are being shed but in an irregular
manner. This is due in part to the relatively short time since
the flow was started from rest, to the high Reynolds number
of the laminar flow, to high-frequency riders, and to three-
dimensional effects of the short body. Nevertheless, Fourier
analysis of the time history shows that, aside from the high-
frequency riders, the equivalent Strouhal number for the dom-
inant frequency is about 0.2. Figures § show four successive
snapshots of helicity density contours in cross sections of the
flowfield above the body. These snapshots represent about
one cycle of the low-frequency oscillation. In the rearmost
cross section of each snapshot, each vortex is marked with +
or — to indicate the direction of the rotation of the vortex.

Fig. 6 Smoke-laser-sheet visualization of the wake behind an ogive
cylinder: @ = 70 deg; Re;, = 3 X 10* (from Ref. 10).

0 80 160 240 320
NON-DIMENSIONAL TIME

Fig. 7 Side-force coefficient history: a = 80 deg; M, = 0.2; Re,, =
2 x 10°,
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¢) f =1, + 2Af

b) £ =14, + Al

d) 1 =1, + 3A¢

Fig. 8 Helicity density contours: & = 80 deg; M, = 0.2; Re,, = 2 X 10°.

By following one vortex as it develops with time (for example,
the one which is marked X in Fig. 8a), it is clear that the
vortex moves upward as time progresses and a new vortex
starts to develop underneath it. Figures 9 show a close-up
view of the rearmost cross section of each snapshot of Figs.
8 in the area near the cylinder surface. The unsteadiness of
the shear layer can be seen clearly. Small-scale vortices are

formed and move along the shear layer, finally merging with
the primary vortex. A small vortex is formed in the shear
layer (marked as 1), moves upward, and merges into the
primary vortex above it. Meanwhile. a new vortex is forming
below it (marked 2 in Fig. 9d). This unsteadiness is probably
responsible for the high-frequency component observed in the
time history of the side force.

AIAA JOURNAL
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b) £ =1, + At
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d) =4 + 3Af

Fig. 9 Helicity density contours: x/D = 6.0; a = 80 deg; M., = 0.2; Re, = 2 X 10°,

Discussion and Conclusions

As mentioned earlier, the unsteady Karman vortex shed-
ding that develops downstream of a two-dimensional cylinder
in crossflow (at Re, = 50) is the result of an absolute
instability>>~*" of the originally symmetric flow. This means
that, in the absence of any perturbation, the flow would re-
main symmetric and that any initial disturbance will grow in
time and space. Because of nonlinear effects, the growth of
the disturbance will reach an equilibrium state and the flow
will evolve to a self-sustained oscillation of the wake. Indeed,
time-accurate computations of two-dimensional flow about a
circular cylinder®-%° (using algorithms that are unbiased in
the circumferential direction) have revealed that, unless a
symmetry-breaking perturbation was introduced into the flow,
the solutions remained symmetric and steady. The pertur-
bations were typically introduced for a short period of time,
then removed, and the flows advanced in time until the os-
cillatory solution was developed.

In the case of flow around the three-dimensional ogive-
cylinder body, as the angle of attack approaches o = 90 deg,
the flow behavior in the wake of the cylindrical part of the
body is similar to the Karman vortex shedding behind a two-
dimensional cylinder. Experiments®’ showed that, even for
angles of attack as low as « = 60 deg, vortices are shed in
the wake of the cylindrical part of the body. The Strouhal
number varies with sin{«), approaching the classical two-
dimensional cylinder value as the angle of attack approaches
a = 90 deg. This is also indicated by the numerical calcula-
tions presented here for the @ = 80-deg case. The calculations
also show that even for @ = 60 deg there was vortex shedding
in the wake of the cylindrical part of the body. For both angles
of attack (@ = 60 and 80 deg), a small temporal disturbance
of finite duration was sufficient to trigger the unsteadiness
that evolved to a finite-amplitude fluctuation in the wake.
These observations are consistent with the notion of absolute-
type instability (of the originally steady flow). On the other
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hand, in order to obtain the experimentally observed pair of
asymmetric, steady tip vortices, a space-fixed, permanent dis-
turbance was required in the computations. The latter may
represent a convective instability?¢->'-33 of the symmetric flow.
The results also indicate the possibility that, for certain angles
of attack, the flow around pointed, slender bodies may contain
both instability mechanisms. The coexistence of the two in-
stability mechanisms was also deduced by Yang and Zebib?®
from their computations for the unsteady wake behind a two-
dimensional cylinder.
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