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Unsteady Flow Separation on Slender Bodies at
- High Angles of Attack

L. E. Ericsson*

Lockheed Missiles and Space Company, Inc., Sunnyvale, California 94040

Experimental results for unsteady flow separation on slender bodies at high angles of attack have been
analyzed. Flow hypotheses are presented that can explaln the seemingly contradictory expenmental results. The
analysis should contribute significantly toward provulmg the understanding of the high-alpha unsteady fluid
mechanics nieeded before the occurrence of asymmetnc forebody flow separation with associated asymmetric
vortices can be predicted and reliable means of control can be developed for maneuvering aircraft and missiles.

Nomenclature
c = reference length, D except ¢ = Dp for cones
and ogives
D = cylinder diameter

i Dg = base diameter
L  =total body length
Ly =nose length
M = Mach number
= rotation or spin rate
d» = dynamic pressure, peUx%

R . = nose radius (see Fig. 1)

Re = Reynolds number, usually Re = UnC/Veo
8 = time -

U. = freestream velocity

U, = mean vortex convection velocity
= axial distance from nose (see Fig. 1)
v = location of startlng vortex asymmetry
= side force, coefficient Cy = Y/qm, ¢, = 8Cy/03¢
= angle of attack
= da/dt
= effective angle of attack, Eq. (1)
= normalized pitch rate, aXeg/ U
64 = apex half-angle

RIRIR R & X

v = kinematic viscosity of air
¢ = dimensionless x coordinate, x/c
o = dersity of air

o = roll angle

Subscripts
A =apex
AV = asymmetric vortices
B =base
cg = center of gravity
-V =vortex
o = freestream conditions

Introduction

IGH performance aircraft and missiles are required to
: perform rapid maneuvers at high angles of attack!-3
where the vehicles are subject to unsteady separated flowfields
that generate highly nonlinear aerodynamics with strong cou-
pling between longitudinal and lateral degrees of freedom.*’
This cross coupling exists-even at zero angle of sideslip for
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Fig.1 Tested blunted cone-cylinder.?

Fig.2 Effect of afterbody on forebody vortices at « = 55 deg for the
reduced pitch-up rate & = 0.175 (Ref. 9).
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690 ERICSSON: UNSTEADY FLOW SEPARATION ON SLENDER BODIES

high angles of attack where the flow separation becomes
asymmetric on a slender forebody.® This can result in dynamic
instability of aircraft and missiles through dynamic cross-cou-
pling effects.”

Because of the strong coupling existing between vehicle
motion and flow separation through so-called moving wall
effects,® a thorough understanding of the high-alpha unsteady
fluid mechanics is needed before the performance and stability
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<Fig. 3 Effect of cylindrical afterbody on forebody side force,10

Fig. 4 Vortex patterns at « = 50 deg on two slender bodies of
L/D = 10.3 and 32 at steady flow conditions.?
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Fig. 5 Leadmg-edge vortex development on delta wing. for a stepwnse
change of angle of attack. 12 .

Fig. 6 Effect of afterbody on forebody vortices at o = 25 deg for the
pltch-down rate & = - 0.175 (Ref. 9).

characteristics of manuevering aircraft and missiles can be
predicted and needed means of control can be developed. The
present paper analyzes available experimental results in an
effort to contribute toward the needed better understanding of
the high-alpha aerodynamics of maneuvering vehicles.

Discussion
A blunted cone-cylinder model® (Fig. 1) has been tested in

laminar flow at large pitch rates, - 0.35 < & < 0.35. Figure
2 shows that the addition of a cylindrical section aft of the
rotation center has no effect on the asymmetric vortex geome-
try on the forebody. This is in agreement with static balance
measurements for an ogive-cylinder body'® (Fig. 3) but is in
apparent conflict with the experimental results® in Fig. 4,
which 'show that the presence of a longer afterbody has a
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Fig. 7 Hysteresis loops for cone-cylinder body of L/D = 10.3
(Ref. 9).

profound influence on the overall vortex flow pattern. What is
the explanation?

On a pointed ogive cylinder, asymmetric vortex shedding
should start at® apy =264 = 2 tan™! {Iy/c/[(In/c)* - 0.251},
which gives 05y = 32.5 deg for /y/d = 3.5, in agreement with
the experimental results!® in Fig. 3. However, for the blunted
cone-cylinder body in Fig. 1, asymmetric flow separation and
associated vortex shedding occurs first on the aftbody, at
aay = 4.2 D/L according to the experiment.!! That is, asy =
23 and 7.5 deg for L/D = 10.3 and 32, respectively, in Fig. 4.
As a consequence, the unsteady vortex shedding, starting at
the base®!! has had three times as large an a/aay range to
develop and move toward the nose for L/D =32 as for L/D
= 10.3; for the same «, @ = 50 deg in Fig. 4. That explains the
absence of unsteady vortex shedding on the aftbody for L/D
= 10.3 and the dominant presence of it for L /D = 32. Why,
then, is not this dominant unsteady vortex shedding not ob-
served on the long afterbody in Fig. 2?

Analysis
The results in Fig. 2 are the “‘frozen,’”’ instantaneous pic-
tures, taken at o = 55 deg, when the angle of attack is in-
creased at a certain rate. The instantaneous angle of attack at
the apex is

a=o - élxcg/Uoo (1)

As in the case of leading-edge vortices!? (Fig. 5), the vortex
at a downstream station x reacts to the changed flow condi-
tions at the apex at a time Af later, where Af = x/Uy. The
convection velocity Uy is approximately equal to the free-
stream velocity.!? Thus, the effective angle of attack &(x, 1),
determining the vortex characteristics at station x, is

alx, 1) =a(0, t - At) )
with At = x/U.,.
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Fig. 8 Effective angle of attack as a function of & for the
L/D = 10.3 body.®

For small reduced frequencies &> < < 1, and Eq. (2) can be
written

alx,t) = a4 (t) — At da/0t = &y — ax/ Uy 3
Combining Egs. (1) and (3) gives

alx, ty=a - a (1 +x/xy) @

According to the results in Fig. 2, x,v/D = 4. Thus, for
& =0.175 and Xe/D = 10.3, Eq. (4) gives &(x, ¢) = a~13.9
deg = 41.1 deg. That is, even with the added cylindrical after-
body, the unsteady Karman-type vortex shedding probably
did not have a large enough «/c,y range to develop on the
forebody. This explains the similarity between the forebody
vortex geometry in Fig. 2 and the static vortex formation for
L/D = 10.3 in Fig. 4. For the pitch-down case at o« = 25 deg in
Fig. 6, &(x, 1) = o + 13.9 deg = 38.9 deg, compared to &(x, ¢)
=41.1 deg in Fig. 2, explaining the similarity between the
forebody vortex geometries in Figs. 2 and 6.

This difference in &(x, ¢) between upstroke and downstroke
causes the experimentally observed hysteresis® shown in Fig. 7.
With & = 0.09, Eq. (4) gives a difference A& = 14.4 deg be-
tween upstroke and downstroke for x,v/D =4 and L/

= 10.3. This is in good agreement with the experimental
results in Fig. 7. If the time-lag effect had been included in the
computation of the ‘‘effective angle of attack’ in Ref. 9, the
predicted & slope would have increased in magnitude by 40%,
bringing it into good agreement with the experimentally deter-
mined boundaries for symmetric and asymmetric vortex shed-
ding in Fig. 8.

On the 15.5 caliber body with a 2.5 caliber ogival nose,
tested by Fidler!? (Fig. 9), asymmetric vortex shedding should
start on the afterbody when « = 15.6 deg and should not occur
on the nosef until o = 45 deg. Thus, the measured effect of the
various rotating nose tips at 22.5 deg < o < 45 deg (Figs.
10-12) occurred through changes of the symmetric flow sepa-
ration on the nose. When the angle of attack becomes substan-
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Fig. 9 Tested pointed ogive-cylinder geometry with various spinning
nose tips.13

o T NN TN
-0.4} \/\/ V\
o8} 1

&
Tip with three gi'it strips, +2 Ips
w— T
Cy o8
0.4}
ol : .
~0.4 =
08— 3650 160 200 240 260 350 360

¢O
Tip with three grit strips, +5 rps
Fig. 10 Effect of roll angle and rotation rate on measured side force

characteristics at « = 30 deg and M = 0.6 for nose tip with three grit
strips spinning at moderate rates.13
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Fig. 11 Effect of roll angle and rotation rate on measured side force
characteristics at « = 30 deg and M. = 0.6 for nose tip with three grit
strips spinning at high rates.13

l ! ] i 1. i | 1
40 80 120 60 200 240 280 320 360

¢0
Tip with one grit strip, +20 rps

04
o

z.‘

00 40 80 120 usoaooiﬁ%fﬂ!eo
¢O
Tip with one grit strip, -20 rps
Fig. 12 Effect of roll angle and rotation rate on measured side force

at o = 45 deg and M = 0.25 for nose tip with one grit strip spinning
at 20 rps.13
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Fig. 13 Effect of Reynolds number on side force distribution over
pointed ogive cylinder at « = 50 deg and Mo = 0.4 (Ref. 14).
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Fig. 14 Effect of roll angle and rotation rate on side force at o = 50
deg and M., = 0.25 for nose tip with two grit strips spinning at + 10
rps.13
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Fig. 15 Effect of roll angle and rotation rate on measured side force
at o = 50 deg and M., = 0.25 for nose tip with three tape strips.13
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Fig. 16 Effect of rotation rate and number of grit strips on the mean
side force measured by a static balance at My = 0.25 and various
angles of attack.’

tially larger than oy (xay = 16 deg for the aftbody vortices
on the tested geometry, Fig. 9), the asymmetric flow separa-
tion becomes of the multicell type® with associated changes of
the local side force distribution! (Fig. 13). Thus, at « = 30 deg

(Figs. 10 and 11), two side-force cells may exist on the aft-
body, giving close to zero net side force. In this case, there-
fore, the distortion of the symmetric flow separation on the
nose through the rotating nose tip could dominate to produce
the experimentally observed sign changes of the total side
force. At o = 45 deg, however, more than two side-force cells
would presumably exist on the aftbody, producing a signifi-
cant net side force. This explains the data trend in Fig. 12,
which shows that no consistent sign change of the side force
occurred in spite of the fact that the nose tip induced side-
force variation is much larger than at o« = 30 deg (compare
Fig. 12 with Figs. 10 and 11).

At o >45 deg, e.g., at o = 50 deg as in Figs. 14 and 15, the
nose generates a significant side force, even in the absence of
a spinning nose tip. Based upon static experimental results one
expects the nose-generated flow asymmetry and associated
asymmetric vortices to dominate the time-averaged afterbody
flow asymmetry.® Actually, a flow visualization movie of the
flow for a spinning nose tip shows the asymmetric flowfield
over the aftbody to have a variation tied to the nose tip
rotation.!s The results in Figs. 14 and 15 show that the rota-
tion rate of the nose tip had to be increased to 50 rps before
the moving wall effect® could overpower the microasymmetry
effect of the three tape strips. When this happens, the magni-
tude of the side force is roughly doubled, as can be seen by
comparing the results in Fig. 15c with those in Figs. 14a and b
and 15a and b. The two low data points in Fig. 15c, for which
roll angle the moving wall effect apparently could not over-
power the nose-microasymmetry effect, also illustrate this
large effect of the spinning nose tip, when compared to the
main data trend.

When the measured side force is time averaged, using a
standard static force balance, the spinning nose tip gives, as
expected, a Cy value that falls close to the center of the Cy
range measured in static tests for zero spin rate (Fig. 16). This
trend also holds for the smooth nose tip at oo = 58 deg, but not
at o = 55 deg (Fig. 17). What can be the cause of these widely
different flow characteristics? )

As aay = 45 deg for the 2.5 caliber pointed, ogival nose,b at
o = 55 deg the nose probably dominates the asymmetric force
generation over the total vehicle. This would be in agreement
with the data trend!? in Fig. 3. Thus, changing the direction of
the spinning nose tip flips the asymmetry between the two
extreme values (Fig. 17). Why does this not also occur at o =
58 deg? For the cylindrical afterbody with aay =~ 16 deg,
Karman vortex shedding will occur over a larger and larger
part of the aftbody when the angle of attack is increased. This
oscillatory side-force generation on the aftbody competes with
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Fig. 17 = Effect of rotation rate for a smooth nose tip on the mean
side force measured by a static balance at Mo, = 0.6 (Ref. 13).
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the side-force modulation effect of the rotating nose tip on the
forebody. As the region of Karman vortex  shedding ap-
proaches the nose with increasing o, its effectiveness in gener-
ating lateral support oscillations!® is increased. The magnitude
of the side force on the nose passes its peak at same angle of
attack (Fig. 3). Thus, at a.certain higher angle of attack one
can expect the oscillatory yawing moment, generated by Kar-
man vortex shedding, to start dominating over the nose-in-
duced yawing moment, allowing lateral support oscillations to
occur. This has been observed in ‘“static’’ tests, as is discussed
in detail in Ref. 16. Thus, at.« = 58 deg in Fidler’s test,!?
lateral support oscillations could have generated the observed
near zero time average of the side force (Fig. 17).

- Conclusions

An analysis of available experimental results for unsteady
flow separation on slender bodies at high angles of attack has
provided phenomenological explanations to many of the ob-
served data trends. However, because of the complexity of the
unsteady flow separation, including test-peculiar flow phe-
nomena, much research is needed before the unsteady flow
separation on maneuvering aircraft and missiles can be pre-
dicted with the reliability needed for preliminary design..
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