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Aerodynamic Characteristics of Noncircular Bodies
in Flat Spin and Coning Motions

L. E. Ericsson*
Lockheed Missiles & Space Company, Inc., Sunnyvale, California

Experimental results for bodies of square cross-section coning at angles up to 90 deg show that the measured
side force characteristics are extremely nonlinear, exhibiting both discontinuities and hysteresis effects. The pres-
ent paper analyzes these results to determine to what extent the nonsteady wall boundary condition has in-
fluenced the flow separation and associated lateral characteristics of the coning body. It is shown that the so-
called moving wall effects have a dominant influence on the flow separation and can explain the unusual side

force characteristics measured in the experiments.

Nomenclature

=cross-sectional chord (diameter for a circular cross
section)

= cross-sectional maximum height

=sectional lift; coefficient, ¢,=L!/(p,,U% /2)¢

=freestream Mach number

=coning rate

= sectional normal force coefficient,
e, =N"/(p,U%/2)c

=roll rate

= static pressure; coefficient, C, = (p =P )/ (ps U2, /72)

= corner radius

=Reynolds number, = U, c/»

=velocity

=(distance forward of coning axis (Fig. 1)

=side force; coefficient, C, =y/(p,, UZ /2)(xc?/4)

=angle of attack

= kinematic viscosity of air

= dimensionless x coordinate, =x/c

= air density

=angle between freestream velocity vector and body
axis

=local sideslip angle, = U /U, = (£02/3) sing

= angular spin rate

=reduced spin rate, =3wc/U, (In Ref. 1,
Q=wb/2U,, where b is the wing span, =6c.)
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Subscripts

w =wall
oo = freestream conditions

Introduction

XPERIMENTAL results have been obtained at coning

angles of up to 90 deg for bodies of square cross section
using a rotary balance!? (Fig. 1). The measured side force
characteristics at subcritical, critical, and supercritical
Reynolds numbers are highly nonlinear, exhibiting discon-
tinuities and hysteresis effects. It is shown herein how these
results can be explained when considering the nonsteady wall
boundary condition, the so-called moving wall effect.*¢
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Data Analysis

Flat spin results for a body with a square cross section
display highly nonlinear lateral aerodynamic characteristics!
(Fig. 2) (note that ¥,,,, is the maximum local flow inclination
existing at the nose tip). The measured side force of the
forebody (forward of the rotation center) reaches high values.
IC, i >2, when the motion-induced sideslip angle at the nose is
only a few degrees. And not until high supercritical and
transcritical Reynolds numbers (this reclassification is the one
used by Achenbach’) does the side force take the linear,
stabilizing C,(Q) shape expected for attached flow (forward of
the cross-sectional base). At lower Reynolds numbers,
destabilizing, highly nonlinear C,(€) characteristics are
measured, exhibiting discontinuities and hysteresis effects of
various kinds. In what follows, the flow phenomena responsi-
ble for this multitude of nonlinear aerodynamic behaviors will
be discussed.

Whereas at lower angles of attack, <60 deg, the steady
symmetric and asymmetric vortices generated by the
forebody® would play a significant part in the vehicle
dynamics,3? at o> 60 deg the vortices become of the unsteady
von Karman type>!° and cannot couple with the body motion
in any general sense. The two-dimensional coupling described
in Refs. 4 and 6 for a cylinder describing translatory oscilla-
tions in cross flow cannot be realized for a body in flat spin
motion. Instead the situation is analogous to that for a
rotating cylinder,'! in which case it is found® that the moving
wall effect on the asymmetric flow separation is unaffected by
the Karman vortex shedding.

Another concern is the effects of centrifugal and Coriolis
forces on the chordwise flow, especially with regard to the
flow separation.!! A similar flowfield exists on a helicopter
rotor blade. Tarzanin found that the blade stall did not start at
the tip and spread gradually inward on the retreating blade as
the stall angle was exceeded locally. Instead, stall started
simultaneously over the outboard 40% of the blade span. Ap-
parently, the blade rotation in the chordwise plane caused this
spanwise correlation of the dynamic stall process. Conse-
quently, one would expect the square cross-sectional forebody
in Fig. 1 to have its unsteady flow separation correlated over
the first 40%. Thus, the aerodynamic characteristics in Fig. 2
are determined to a large extent, by the effect of local cross
flow and moving wall velocity on the flow separation in the
near-nose region.

Subcritical Flow Conditions

In Fig. 3 the results at M=0.10 for Re=0.15x 105 (Fig. 2a)
are shown together with sketches of suggested flow condi-
tions. At 1Q1<0.05, or Wl <2 deg, a destabilizing
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(prospin) side force slope dC,/dQ is measured. This cor-
responds to a negative c,, for the square cross section. Static
experimental results for a rectangular cross section exhibit
such negative ¢, () and ¢;(x) characteristics (Fig. 4). At angle
of attack the curvature of the windward-side separated flow
boundary is sharpened, increasing the suction, whereas the op-
posite occurs on the leeward side, resulting in the generation
of a negative nose load"? (Fig. 5).

The flow sketches in Fig. 6 illustrate the fluid mechanical
phenomena present for the translating square cross section.
Figure 6a shows the flow separation for stationary flow at zero
flow inclination, a=¢=0. In Fig. 6b the effect of the
translatory velocity U, =xwsing on the flow separation is il-
lustrated, and Fig. 6¢ shows the expected effect of a stationary
flow inclination ¥ =U,,/U,, = (£Q/3)sino. [The flow inclina-
tion angles are small (Y,,,<2 deg in Fig. 3) and arctan
U,/U,=U,/U,.] The large difference between the C,(¥)
slope in Fig. 3 and the ¢, («) and corresponding ¢, () slope in
Fig. 4, which would be the expected C,(¢) slope for stationary
flow conditions, must be due to the unsteady boundary condi-
tion sketched in Fig. 6b, the so-called moving wall effect.*¢
That downstream moving wall effect on the advancing side of
the cross section delays the flow separation, as illustrated in
Fig. 6b. Conversely, the upstream moving wall effect pro-
motes separation on the retreating side. These downstream
and upstream moving wall effects on flow separation are
similar to the effects of increasing and decreasing Reynolds
number, respectively. That the moving wall effects on viscous
separated flow indeed can cause aerodynamic load changes
very much larger than those for corresponding inviscid flow
effects is demonstrated by the moving wall/leading-edge jet
effect on dynamic stall, which causes a large overshoot of
static lift maximum.'4-1¢

The results in Fig. 4 are for a half-model of aspect ratio 5.
The results shown in Fig. 7 were obtained for a two-
dimensional model.!” They show the same type of nonlinearity
as the subcritical C, () data in Fig. 2b for M, =0.25. Figure 8
shows the results for Re=0.15 x 10° together with sketches of
suggested flow conditions. Apparently, increasing the Mach
number from M =0.10 to 0.25 made the corner appear sharper
to the flow, as would be expected from the usual com-
pressibility effects. Thus, the C,(®) slope is much milder (Fig.
7) than at M=0.10 (Fig. 3), and flow reattachment is
established rather suddenly and not gradually.

In the static test, unsteady on-off reattachment might have
given rise to the plateau in the time average c¢,(«), appearing
before the final ¢, peak, as well as to the softness of the
discontinuity. In contrast, the moving wall effects are
unidirectional for the translating cross section, reinforcing the
effect of ¥ for @< Q,, and causing a very rapid, almost jump-
wise, change of C, when { approaches Q;, where Q. =0.05
in Fig. 8. This is in contrast to the gradual, continuous change
of ¢, when « approaches o =12 deg in Fig. 7.

When the critical value, o or ¥y, is exceeded, the flow
attaches on the windward side. In the static case, with
o = 12 deg, the leeward side contributes negligibly to ¢, (o).
In the dynamic case, however, where v, <2 deg, the leeward-
side contribution is not negligibly small, and its negative lift
generation, amplified by the moving wall effect, greatly
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Fig. 1 Rotary balance and model.!
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Fig. 2 Forebody side force at « =90 deg and varying M, and Re.!
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Fig. 3 Subcritical side force characteristics at o0=90 deg,
M, =0.10, and Re=10.15 x 105
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Fig. 4 Aerodynamic characteristics at low speeds of a rectangular
prism.12

reduces the positive windward-side lift contribution. As a con-
sequence, the negative C,(Q) slope for 9>Q.; is of con-
siderably less magnitude than the positive c,(«) slope for
o> it -

Of course, the cross sections in Figs. 3 and 8 have rounded
corners, not sharp edges as those in Figs. 4 and 7. Experimen-
tal results show the corner radius to have a decisive effect on
whether the subcritical total flow separation or the super-
critical attached-flow behavior is obtained'® (Fig. 9). The
Reynolds number based upon corner radius appears to be the
determining parameter (Fig. 10). The corner radius greatly
enhances the moving wall effect, making it approach that for a
circular cross section.*¢

Supercritical Flow Conditions

At higher Reynolds numbers, Re=0.33 x 105, the measured
side force characteristics in Fig. 2 show that the flow is at-
tached initially, at 2=0. The reason is the same as for the
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Fig. 6 Moving wall effect
on a square cross section in
translatory motion.

Y=(tQs3)s8ino

supercritical static characteristics in Figs. 9 and 10, i.e., transi-
tion occurs on the front face of the cross section. In the static
case, the flow remains attached up to a certain angle of attack,
O, Which will vary slightly with Reynolds number. The tests
by Polhamus!® gave a value «; = 15 deg for the large corner
radius at Re=10% (Fig. 1la). In the dynamic case, the
upstream moving wall effect promotes transition to occur on
the face and the associated supercritical attached-flow
characteristics occur at a lower Reynolds number than in the
static case (cf., Figs. 11a and 11b). Once the supercritical flow
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is well established, the upstream moving wall effect will pro-
mote the flow separation occurring downstream of the transi-
tion point.*S This causes the early separation shown in Fig.
11b for Re=0.33 % 10%. As the Reynolds number is increased,
the flow separation is delayed to higher ¥ ., values, until
Re>0.73 x 106 no separation occurred in the tested ¢ range
(Fig. 2). Considering the earlier discussed equivalence between
the moving wall effect and the effect of Reynolds number, the
measured Q hysteresis (Figs. 2 and 11b) is in perfect agreement
with the experimentally observed hysteresis for a circular cross
section'® (Fig. 12).

Fi 18

g. 9 Lift of a square cross section with rounded corners.
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Fig. 10 Combined effect of corner radius and Reynolds number. '’

The static side force of the forebody measured by Malcolm
and Clarkson! (Fig. 13) has the same sensitivity to Reynolds
number as the two-dimensional normal force measured by
Polhamus'® (Figs. 9 and 10). A critical Reynolds number of
0.2x 105, based upon the corner radius, is indicated
(r/c=0.25 in Fig. 13), which is in rather good agreement with
the two dimensional results in Fig. 10 (Note that C, >0 cor-
responds to ¢, <0). Decreasing the angle of attack to =75
deg lowers the critical Re somewhat, but the nonlinear
behavior remains the same as for o0=90 deg (Fig. 13).
However, at ¢=60 and 45 deg, the characteristics become
those typical of slender bodies with steady asymmetric vor-
tices, in which case the side force becomes of largest
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Fig. 11 Comparison of static and dynamic force characteristics at
.0 supercritical flow conditions: a) static characteristics (Ref. 18),
b) dynamic characteristics, M, =0.10 (Ref. 1).
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Fig. 12 Hysteresis effects on flat spin response of a cone cylinder.!® body.!
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Fig. 14 Effect of coning angle ¢ at M,, =0.10 and Re=0.15x 10°
(Ref. 1).

magnitude at the critical flow condition.?2! For the square
cross-sectional body, the side force becomes of negligible
magnitude at 6=45 and 60 deg for supercritical Reynolds
numbers, where the vortex shedding occurs from the base.

Comparing the static results for o=90 deg in Fig. 13 with
the flat spin results in Fig. 2 for the same Mach number,
M=0.25, one finds them to be in basic agreement with regard
to the critical Reynolds number, both indicating that super-
critical attached-flow conditions are established at
Re=0.75x10%. For flow inclinations below ¢=90 deg,
especially for the steady asymmetric vortex shedding occurring
at 0 <60 deg, axial flow helps to establish attached-flow condi-
tions already at Re=0.15x10° (Fig. 14). At 0=90 deg, the
Reynolds number would have to exceed Re=0.50x 10° to ac-
complish this (cf. Figs. 2 and 14).

Conclusions

An analysis of experimental results for bodies of square
cross section, describing coning motions at high angles of at-
tack, has led to the following conclusions.

1) The unsteady wall boundary condition, the so-called
moving wall effect, has a dominating influence on the
forebody side force of the coning body.

J. AIRCRAFT

2) The effects of moving wall velocity and Reynolds number
combine to determine the highly nonlinear aerodynamics, in-
cluding the extent of coning rate hysteresis effects at critical
and low supercritical Reynolds numbers.

3) Decreasing the coning angle from the flat spin value
=90 to =60 deg promotes the establishment of supercritical
attached-flow conditions, which as a result occur at much
lower-Reynolds numbers than in the flat spin case.
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