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Numerical Simulation of Asymmetric Vortical Flows
on a Slender Body at High Incidence

Oh Hyun Rho" and Soo Jung Hwang™
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The compressible laminar and turbulent viscous flows on a slender body in supersonic
speed as well as subsonic speed have been numerically simulated at high angle of attack.
The steady and time-accurate compressible thin-layer Navier-Stokes code based on an
implicit upwind-biased LU-SGS algorithm has been developed and specifically applied at
angles of attack of 20, 30 and 40 deg, respectively. The modified eddy-viscosity
turbulence model suggested by Degani and Schiff was used to simulate the case of
turbulent flow. Any geometric asymmetry and numerical perturbation have not been
intentionally or artificially imposed in the process of computation. The purely numerical
results for laminar and turbulent cases, however, show clear asymmetric formation of
vortices which were observed experimentally. Contrary to the subseonic results, the
supersonic case shows the symmetric formation of vortices as indicated by the earlier
experiments.

Key Words : High Angle of Attack, LU-SGS Algorithm, Degani & Schiff Modified Model,
Asymmetry, Numerical Perturbation

1. INTRODUCTION
subject. Above all, the most important

characteristics of high angle of attack flow
are that asymmetric vortices arise on the
leeward side of the symmetric slender
bodies and these vortices produce sizable
side forces and yawing moments, thereby
can exert a significant influence on the
longitudinal and lateral flight controls.

Recently, as the development of many
highly maneuverable aircraft and missiles
capable of controlled flight at high angle
of attack is sought, the physical
understanding of high-angle-of-attack
flowfields has become a very important
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A large number of experimental[1-4] and
computationall5-12] studies have been
carried out by many investigators in order
to find out the origin of the asymmetric
flow structure and the  physically
corresponding behaviors, but the cause of
the asymmetry is extremely difficult to
determine either by experiment or
computation, since neither are perfect
simulations. For example, experiments
suffer from the inability to manufacture a
perfectly symmetric nose tip and
freestream nonuniformities. Computations
suffer from truncation, round-off errors
and convergence difficulties, etc.

Two approaches, absolute and convective
instabilities, have been offered to explain
the nature of the observed asymmetries[11].
In essence, if the instability is absolute,
any initial asymmetric disturbance grows
exponentially at any fixed location. For a
large time, the exponential growth will be
limited by nonlinearities and thereby
asymmetries can be induced by a transient
asymmetric disturbance. If, on the other
hand, the instability is convective, although
the initial disturbance grows with time, it is
convected downstream, and after suffici-
ently large time, the basic flow becomes
again symmetric.

Referred to as a convective-type
asymmetry, this point of view is supported
by the time-accurate compressible Navier-
Stokes computations of Degani et al[5-8]
for the laminar and turbulent subsonic
flows over a tangent ogive-cylinder at high
angle of attack, where steady asymmetries
were observed only when a fixed spatial
asymmetry was intentionally imposed.
Removal of the asymmetry always led to a
return to symmetric flow.

On the other hand, supersonic laminar
computations by Siclari and Marconil9]
have demonstrated asymmetries of the
absolute instability type using the approx-
imate conical Navier-Stokes equations.
Also, the incompressible three-dimensional
turbulent Navier-Stokes computations of
Hartwich et al.[10] for a tangent ogive
body at an angle of attack of 40 deg have
indicated an asymmetric flowfield without
the imposition of a fixed geometric
asymmetry in the computation. Vanden and
Belk[11] have shown that the unsymmetric
factorization error in the transient solution
can produce asymmetric flow without the
introduction of any geometric and initial
asymmetry using thin-layer laminar Navier
~-Stokes equations with a two-pass implicit
approximate factorization.

In this paper, the implicit upwind methods
for computing the three—dimensional
laminar and turbulent compressible viscous
flows based on ADI[14] and LU-SGS[15,16]
algorithms have been developed and applied
to investigate whether a certain type of
factorization, without imposing any
geometric asymmetry, can be an essential
cause of the numerically asymmetric
perturbation that may produce asymmetric
flowfield. The computed results for laminar
flow are compared with those of experi-
ments carried out by Lamont{2,3]. When
computing the turbulent flow, the
turbulence model modified by Degani and
Schiff[18] which accounts the presence of
the leeward side vortex structure reason-
ably well is used. The numerical results are
compared with the existing experimental
data. The computation on laminar superso-
nic flow is also carried out for phenomenal
comparison with subsonic results.
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2. THEORETICAL BACKGROUND

2.1 Governing Equations

The governing equations are the thin
layer  approximations to the three
dimensional, time-dependent, compressible
Navier-Stokes equations, and are written in
generalized coordinates and conservation
law form as

3:Q+ BB+ 0, F+8,(C-0C)= 0 (1

where { corresponds to the coordinate
normal to the body surface. The flux
vectors are
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where

m = I‘( ‘-’2 + ;.’Z + ;:2)
my = pl3d(fr + Lop + Caop (3)
my = 1202 + & + ) + Prio-D"' (@Y,

and Pr is Prandtl number, Re is Reynolds
number based on cylinder diameter, J is the
determinant of transformation Jacobian
matrix and contravariant velocity
components U, V, and W are defined as

U= &u+ v + &uw
V= pu+ g0+ g (4)
W= Lu+ Lo+ {w

The equation of state is needed to complete
the set of equations, that is

p = olr—Dle — 1/2G¢ + # + o] (5)
where 7 is the ratio of specific heats.

2.2 Numerical Algorithm

The governing equations are solved with
a finite-volume algorithm for both steady
and wunsteady flow calculations. The
convective and pressure terms are upwind
differenced wusing the flux difference
splitting scheme of Roe, and the shear
stress and heat transfer terms are centrally
differenced. The convective and pressure
terms are differenced using the monotone
upstream-centered schemes for conservation
laws (MUSCL) approach, and minmod and
differential limiters are also used to
suppress nonphysical oscillations near
discontinuities.

In this study two algorithms, alternating
direction implicit (ADI) scheme by Beam
and Warming and lower upper symmetric
Gauss-Seidel (LU-SGS) implicit scheme by
Yoon and Jameson, are used to test the
numerical symmetry in the crossflow plane.
Because of three factors, the ADI scheme
introduces the error terms of (At and
needs considerable memory and computing
time.

[72; +D; A* +Df ‘T][_]fz? +D; B +D} B)
[ﬁ +D; &Y +DfCT14Q = -R 6)
But LU-SGS scheme, requiring no

additional relaxation of factorization on
planes of sweep, can reduce lots of memory
and computing time in three dimensional
computation. The LU-SGS scheme can be
written as
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(LD')4Q = —R (D
where
L= ﬁ+D§ A*+D; B*+D; O - A -B - C

p=-Liat- 2 +8-p+2-2 @

U= ~g+D{ A +D; B +Df T+ A"+ B*+ O

The Jacobian matrices of the flux vectors
are constructed approximately to yield
diagonal dominance

A% = 3“—“2 L (&) = pmax(12(D)) (9)

A(A) represents eigenvalues of
Jacobian matrix 4 and B is a constant that

is greater than or equal to 1.

where

The above factored equation is solved as a
series of successive sweeps of the scalar
inversion

LAQ = — R
(10)
U4Q = bagQ

and vectorized on itj+k=constant oblique
planes of sweep.

2.3 Turbulence Models

The coefficients of viscosity and thermal
conductivity which appear in eq.(2) are
given independently from auxiliary
relations. For laminar flows, the coefficient
of viscosity is obtained using Sutherland's
law, while for turbulent flows the
coefficient is obtained from the
eddy-viscosity turbulence model modified
by Degani and  Schiff.[7,8,18] The
coefficient of thermal conductivity is
obtained once the viscosity coefficient is

known by assuming a constant Prandtl
number.

Degani and Schiff developed a
modification to the well-known Baldwin-
Lomax algebraic model[17] for high angle
of attack flows. The modification extends
the model in a rational manner to permit an
accurate determination of the viscous length
scale for high angle of attack flows in
regions of crossflow separation where a
strong leeward vortical flow structure
exists.

The viscosity I and coefficient of thermal
conductivity k are assumed to be the sum

of the laminar flow coefficients and
turbulent flow coefficients, i.e.,
g =+ p an
- A A
C% = Pr'; Pr“ 12)

where the turbulent eddy viscosity W is
defined as
ae = min[ (49 mer . (Bduer ] (13)
In the inner region, the Prandtl-Van
Driest formulation is used to determine H:.
This formula is defined as

(D imser = PG (14)
where
1= k1.0 — 947 (15)
_ Pty _ N Owluy
y+ - Ho - Hy (16)
Q = V (uy— )%+ (0,— wy)?+ (w,— u)? (17)

In the outer region, for attached boundary
layers, I is determined by using of the

following equation
(4 outer = PKCemeFKw(J’) (18)

In eq.(18),
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where ugr is the difference between the
maximum and minimum total velocity in the

local profile

sy = V@ P+ D)o ~ VPP D, (20)

and Fxe is the Klebanoff intermittency
factor

6y —1
M)] @1)

Y eax

Fra(s) = [1.0 + 5.5(

The quantity Fmax is defined as the
maximum that the following function
FG) = 3Q1.0 — ¢4 (22)
takes in the local profile and ymsx is the
normal distance from the surface at which
Fmax occurs in the original Baldwin-Lomax
turbulence model. The constants that appear
in the proceeding equations are given in
Ref.17. But a problem with the Baldwin-
Lomax model is encountered when it is
applied to treat flow around slender bodies
at high angle of attack. In this flow, the
region of crossflow separation is dominant.
In a region where a vortex structure
resulting from crossflow separation exists,
the function F(y) has two or three relative
maxima. If the Baldwin-Lomax model is
used to search the entire flowfield normal
to a surface point for Fpa, the second or
third maximum in F(y) is obtained rather
than the desired peak based on the
underlying boundary layer. This results in
too much high values of Fuax and ymax
causing a distortion or a washout of the
features in the computed flow. To address
this problem, Degani and Schiff[18]
proposed a modification to the original
model. Instead of searching outward along
the entire radial ray for the value of Fuax

at each surface grid point, the search for a
maximum of F(y) stops after the first peak.
The details of Degani~Schiff modification
model are given in Ref.7,8,19.

2.4 Body configurations and Computa-~
tional Grids

Computations were performed for
subsonic and supersonic flows over an
ogive-cylinder body, which consisted of 3.5
diameter tangent ogive forebody with a 8.5
diameter cylindrical afterbody extending aft
of the nose-body junction to x/D = 12,
This body geometry has been extensively
tested by Lamont[2,3].
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(b) supersonic grid

Fig. 1 Computational grid around tangent
ogive~cylinder
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The grid consisted of 90 circumferential
planes wrapping completely around the
body. In each circumferential plane, the
grid contained 50 or 60 radial points
between the Dbody surface and the
computational outer boundary and the 45
axial points between the nose and the rear
of the body. The grids were exactly
symmetric between left and right sides;
Fig.1 showing the subsonic and supersonic
grids.

2.5 Boundary Conditions and Initial
Conditions

An adiabatic no-slip boundary condition

was applied at the body surface. The

characteristic boundary conditions and
undisturbed freestream conditions were
maintained at the computational outer

boundary in subsonic and supersonic cases,
respectively. At the downstream boundary,
nonreflecting boundary condition was
applied to subsonic flow and the simple
extrapolation, to supersonic flow.

In these computations, unsteady,
time-accurate solutions were generated
together with the steady-state solutions.
Thus, the first-order time accurate
algorithm was employed with a globally
constant time step to the unsteady
solutions. The flowfield was initially set to
freestream conditions throughout the grid or
from a previously obtained solution, and the
flowfield was advanced in time until a
converged solution reached.

3. RESULTS and DISCUSSION

A series of flow computation around a
tangent ogive-cylinder body in subsonic
and supersonic speeds has been system-
atically arranged in order to understand

physically the causal process of asymmetric
vortex formation which was observed
experimentally. The systematic computa-
tions are arranged as follows:
Case 1 : Algorithmic Study

It is essentially concerned with
exploration of how the different numerical
algorithms affect breakdown of the flow
symmetry and where the origin of
asymmetric perturbation or numerical error
comes from.

Case 2 : Subsonic Laminar Flow

The unsymmetric factorization algorithm
has been applied for the flow of Rep=2.0X
10° and M==0.2.

Case 3 : Subsonic Turbulent Flow

The computation has been carried out by
applying the unsymmetric factorization
algorithm, wusing the unmodified and
modified turbulence models suggested by
Degani and Schiff.

Case 4 : Supersonic Laminar Flow

In order to investigate possibility of the
formation of vortex on leeward side, the
supersonic laminar flow computation has
been performed for M«=2.0.

A time-accurate (unsteady) and steady-
state solutions have been obtained by
starting from the freestream initial
conditions or from the previous calculations.
The solution was considered to have
converged to a steady state after error
(L.NORM) dropped at least four orders of
magnitude from initial starting.

3.1 Effects of Algorithm on Asymmetry
The histories of computed side-force
coefficients for three algorithms which are
AD], steady and unsteady LU-SGS are
shown in Fig.2. Computations were all
carried out for a Reynolds number based on
cylinder diameter, Rep, of 2.0%10° and M
=0.2, d=40 deg. Steady and unsteady
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(time-accurate) LU-SGS solutions are
asymmetric, while steady ADI solution is
symmetric. Although unsteady LU-SGS
solution has fluctuations in the early stage
relatively smaller than steady LU-SGS
solution, two converged values coincide
nearly with the same asymmetric value. On
the other hand, ADI solution remains

symmetric throughout all the iterations.
This proves that LU-SGS algorithm,
unsymmetrically factorized for the

crossflow plane, has numerical error enough
to induce asymmetry, while ADI symmetric
factorization algorithm does not induce
asymmetry, which agrees with the study of
Vanden and Belk[11l. That is, an
unsymmetric factorization error for the
crossflow plane plays a role of initial
asymmetric perturbation and thus can
produce asymmetrically converged solution.

PR S

- \Steady LU-SGS
Unsteady LU-SGS
3 (((U \’
\

I

1 Al 2 . | S RS 1 —

]

200 400 600

Nondimensional Time {,Iteration Number)

Fig. 2 Side-force coefficient histories :
»=0.2, a=40 deg, Rep=2.0%10°.

Note that the computationally asymme-
tric results, like experiments, have not
clearly determined in which direction
asymmetric vortex structure occurs. In
order to investigate this switching problem,

although sweep direction was changed
reversely in LU-SGS algorithm, the same
result came out. From this fact, it is
difficult to conjecture in which direction
asymmetric  perturbation from
numerical factorization error. This problem
is the pertinent issue which is to be
addressed in both - computations and
experiments.

arises

2
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|

— = LUSGS
ADI
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800 1000
|
¥ iteration Number

7 initiat condition

Fig. 3 Side-force coefficient histories @
M==0.2, ¢=40 deg, Rep=2.0x10°.

To investigate the effect of initial
condition, the above computations were
restarted from symmetrically and
asymmetrically converged solutions respect-
ively. Fig.3 shows that LU-SGS solution
with symmetric initial condition remains
symmetric, while ADI solution with
asymmetric initial condition is asymmetric.
These results proved that converged
solution is not affected by factorization
method, because unsymmetric factorization
error doesn’t nearly exist, or even if exists,
is not enough to break symmetry. In the
asymmetric case, although small fluctuation
is observed, the side-force coefficient
seems to reach constant value.
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From above results, it may be stated that
the unsymmetric factorization error occurs
mainly in early computational stage and
becomes negligible if one utilizes fully
converged as an initial solution. That is,
this unsymmetric factorization error in early
computational stage is interpreted as a
transient disturbance, finally develops entire
flowfield into asymmetric flow and
continues even when initial asymmetric
cause is removed. This concept is absolute

instability introduced by Briggs[20] and
Bers[21].
T T T T T T T T
= — =
04 v, o comp I
d ;\ ® Exp | {'4 9
SR — fo
. Y S
(a) Cp ool ,’f 4
L Woaa ]
02} = A “3‘&‘}3.;{-" 4
-o.a-- 1 .Jllil*LlllL*L.,l..-
[ 45 50 135 180 225 270 315 360
Circumferential Angle (deg)
L
- . |
02 -—0— Comp. | H
® Exp
L R .
oo ,_'\\\ /
w % Lo, R
02 \- ,.,f;';u' ..'h‘v;: /-f 4
Neg® e
A osae?
'Y} VI N RN SR EPINPIN ST S I
¢ 45 90 135 180 225 270 35 360
Circumferential Angle (deg)
TT T T T T T T T T T T
0.2 b —0— Comp .
Y t ] Exp -
..'\\ - /- 4
0o ™ o~ 'j .
@ G L WS e, T
RIS Tute e .
R ‘ﬂ‘-ucd: |
) I N [ S BTN D B B

0 45 92 135 180 225 270 315 360

Circumferential Angle (deg)

Fig. 4 Computed and measured circumfe~
rential surface pressure distributions : M«
=0.2, a=20 deg, Rep=2.0%10° : (a) x/D= 0.5
: (b) x/D = 35 : (¢c) x/D = 5.0.

All the following computations are
performed by using LU-SGS unsymmetric
factorization algorithm, containing naturally
perturbed numerical error.

3.2 Subsonic, Laminar Flow (Rep=2.0X
10°, Mx=0.2)

The computed circumferential surface
pressure distributions for laminar flow (¢
=20 deg) are presented in Fig.4, together
with experimental data measured by
Lamont[2]. At an angle of attack of 20 deg,
the flow, as observed experimentally, is
almost symmetric. It can be seen from
Fig.4 that the agreement between the
computed and measured pressure is very
satisfactory.

(a) (b)

() (d)

Fig. 5 Total pressure contours at several
cross—sections ! M«=0.2, ¢=40 deg, Rep=2.0
x10° : (@) x/D = 3.6 : (b) x/D = 7.1 : ()
x/D = 89 : (d) x/D = 11.5.



106 ¥ - B VI AAHAE A

In the case of a=40 deg, however, large clearly shown asymmetrically and primary
asymmetric vortical pattern is shown in separation line is well behaved at $~90 deg.
Fig.5-8 as observed in many experiments,.
Computed total pressure and helicity
density contours in several cross sections
along the body are plotted in Fig.5,6.
Helicity density is defined as the scalar
product of the local velocity and vorticity -
vectors. Although both total pressure and <<
helicity density may be good ways of (b) Side view
visualizing vortex pattern, total pressure is Fig. 7 Surface streamlines : M==0.2, a=40
slightly better between the two patterns.  deg, Rep=2.0%10°
But helicity density has advantage of
indicating the sense of rotation of vortices.

(a) Top view

(a) Total pressure contours

Fig. 8 Crossflow streamlines near lee-
surface on the different cross-sections : M
«=0.2, ¢=40 deg, Rep=2.0% 10",

Fig. 6. Computational results for M==0.2,
a=40 deg, Rep=2.0x 10°, Crossflow streamlines near the leeward
surface at several cross sections are also

Fig.7 shows the computed surface flow shown in Fig.8. The primary and secondary
patterns. Secondary separation line is vortices are clearly observed and asymme-
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try increases along the downstream. It can
be noted that as weakened vortices
gradually move upward, they die out at the
same time, which should be distinguished
from unsteady vortex shedding occurring at
much higher angle of attack.

3.3 Subsonic, Turbulent Flow (Rep=3.0X
10°, M«=0.2)

For the fully turbulent flow, =30 deg,
the computed circumferential surface press—
ure distributions at four axial locations
using two turbulence models are shown in
Fig.9, together with Lamont{3]'s experime-
ntal data. For all axial locations, good
agreements are shown, although the
discrepancy between the computed results
and measurements becomes visible at x/D =
6.0, where significant asymmetry exists.
Also noticeable is the ability of the nume-
rical solution to reproduce a significant
feature of experimental data, namely, the
existence and behavior of a sharp local
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Fig. 9 Computed and measured circumf-
erential surface pressure distributions : Me
=0.2, ¢=30 deg, Rep=3.0%10° : (a) x/D= 2.0
: () x/D=35:()xD=50:(x/D =
6.0.

minimum in C,, which is caused by the
presence of the secondary vortex at ¢~180
deg. However, the solution for the same
flow conditions employing the unmodified
Baldwin-Lomax turbulence model deviates
from measured values in the leeward region

being nearly symmetric flow. The
unmodified model in the vortex region
yields values of the eddy-viscosity

coefficient that are too large as reported by
Deganil[7,8]. As a result, primary vortex
specifically becomes weaker and the amount
of asymmetry decreases substantially, as
can be seen from the dashed line as
indicated in Fig.9.
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(a) Unmodified turbulence model

Fig. 10 Total pressure contours : M«~=(0.2,
a=40 deg, Rep=3.0% 10°

Total pressure contours are plotted in
Fig.10, where unmodified and modified
turbulence models are incorporated,
respectively. Fig.10-(a), unmodified model,
shows almost symmetric vortices, while the
result with using the modified model shows
asymmetric vortices. The sectional
side-force coefficients are provided in
Fig.11, where both results are asymmetric.

-0.00

-0.02 L L]

I
004

hS
-0.06 L e

I | —O— unmodified model |
.0.08 z 1 L 1 N L

0.04 ———r~———y——

i —®— modified model

0 2 4 6 s

x/D

Fig. 11 Sectional side-force distributions :
M-=0.2, d=40 deg, Rep=3.0x 10°.

Although the resulting turbulent flow is
no longer symmetric, the degree of
asymmetry is relatively smaller than that of
laminar flow. But Lamont[2]’s experiments
have reported almost identical side-force
between laminar and turbulent flow cases.
It can be concluded that although the
modified turbulence model phenomenally
simulates asymmetric turbulent flow, but is
not sufficiently satisfactory for accurate
guantitative prediction.

3.4 Supersonic, Laminar Flow (Rep=2.0
X10%, Mx=2.0)

It was found that supersonic laminar
flow, when wusing LU-SGS algorithm,
converged toward a symmetric solution on
a symmetric grid for an angle of d=30 deg.
It took several times longer to get solution
converged than the  subsonic flow
computation. This is caused by the fact
that the supersonic flow at high angle of
attack includes strong shock and expansion
waves, and the intense nonlinear waves
cause computational difficulties for
convergence. The computed sectional side-
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--O— Supersonic
[ | —®— subsonic

-0.08 2 1
0 2 4 8 8

x/D
Fig. 12 Sectional side-force distributions :
@=30 deg, Rep=2.0x10* : (supersonic M
=2.0, subsonic M«»=0.2).

x/d=8.3
x/d = 4.5
(a) (b)
Fig. 13 Crossflow streamlines near
lee-surface : a=40 deg, Rep=2.0X10* : (a)

supersonic M«»=2.0 : (b) subsonic M«=0.2.

force coefficients and crossflow streamlines
on the leeward surface are shown together
with subsonic result for the same Reynolds
number, Rep=2.0x10% in Fig.12. The figure
shows that the supersonic vortices are
exactly symmetric and very large, while

subsonic flow is asymmetric and its
vortices are relatively small. The result
agrees with the experimental results of
other investigators[1] in that the magnitude
of the side-force coefficient generally
decreases with increasing Mach number and
for Mach numbers greater than 0.8, the
side~force coefficient is quite small. Fig.13
shows the crossflow streamlines on the
leeward surface in several cross sections

1 for supersonic and subsonic flows for the
2 purpose of phenomenal comparison.

4. CONCLUSIONS

A computational study of the viscous
subsonic and supersonic flows over a
tangent  ogive-cylinder for different
Reynolds numbers at several high angles of
attack suggests the following conclusions.

1) Unsymmetric factorization algorithm,
LU-SGS scheme, introduces asymmetric
transient error and finally produces
asymmetric flow which is classified as
absolute instability. When the converged
solution is adopted as an initial condition,
no change occurs irrespectively of the
algorithms. An unsymmetric factorization
error in the early computational stage plays
a role of transient perturbation, finally
inducing asymmetric vortical flow and
continuing even when transient factorization
error disappears as the solution converges.
This numerical behavior can be interpreted
as absolute-type instability.

2) For subsonic laminar and turbulent
flows, the computed results are in good
agreement with measured pressure distri-
butions. The results suggest that the
Degani-Schiff modified turbulence model
can be utilized to accurately predict the
complex asymmetric vortex structure at
high angle of attack, while unmodified
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Baldwin-Lomax model yielded near
symmetric flow inconsistent with

experimental results. For turbulent flow, the
degree of asymmetry is relatively smaller in
the computed results than that observed
from experimental data.

3) The computed supersonic result is
symmetric, though unsymmetric factori-
zation algorithm is used, in contrast to
asymmetric result of subsonic flow in the
same Reynolds number. This result is in
agreement with other experimental studies
of generally non—-existing side~force at that
Mach number.
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