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Flat Spin of Axisymmetric Bodies
in the Critical Reynolds Number Region

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

An analysis of experimental results from tests of bodies with circular cross section shows the flat-spin motion,
which only occurs in the critical Reynolds number region, to be caused primarily by the moving-wall effect
generated by the translating body surface. This effect is balanced by the effect of the spin-induced change of the
local, external flow environment, resulting in a steady flat-spin motion. The analysis provides a simple analytical

method for prediction of the maximum flat-spin rate.

Nomenclature
d =cylinder diameter
D’  =sectional drag; coefficient ¢;,=D’/(p., UL/2)d
k =roughness height
¢ = sectional lift; coefficient ¢,=¢/(p,, U%/2)d
) =body length
P =roll rate
P =pressure; coefficient C, = (P—P,)/(p, U%/2)
Re  =Reynolds number =U_d/v,,
S =reference area =#d?/4
t =time
U =velocity
| 4 =translatory velocity
X =distance from nose tip
Y =side force; coefficient Cy =Y/ (p,,U%/2)8
o =angle of attack
v =kinematic viscosity
P =air density
@ = meridional coordinate from the stagnation point on
a stationary model (see Fig. 6)
¢ =coning angle
Q =flat-spin angular rate =3d¢/dt for =90 deg
Subscripts
AS  =asymmetric separation
B =base
D =drag-induced
eff =effective
FS  =flat spin
L =local
RC =rotation center
w =wall
o = freestream conditions

Introduction

T HE interest in the flat-spin problem stems from the fact
that when a slender body with the center of gravity at
midbody, such as an empty strap-on booster, is dropped in the
atmosphere, it develops a high-rate flat-spin motion, as has
been demonstrated in drop tests.! Consequently, systematic
experiments in a ground facility on a series of axisymmetric
bodies of interest have been performed! (Fig. 1). The results
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compliment those obtained earlier,? and provide the basis for
a follow-up of the analysis initiated in Ref. 3.

Static tests of an //d=3.82 circular cylinder? (Fig. 2a)
showed a side force developing in the critical Reynolds
number region where the asymmetric, one-bubble flow separa-
tion had been observed in two-dimensional (2D) tests* (Fig.
2b). If the asymmetry were the same across the span for the
finite //d cylinder,? as in the 2D test,* no yawing moment and,
consequently, no flat spin would develop around a midbody
rotation axis. The pressure measurements on a cylinder,
driven at 500 rpm around the midbody axis, showed that the
local rotation-induced effects produced the critical flow asym-
metry in different directions on both sides of the rotation axis?
(Fig. 3). As this generated a prospin yawing moment, it is clear
how the observed steady-state flat spin was produced. At or
near the critical Reynolds number, body and/or flow asym-
metries could initiate an initial spin-producing moment. Once
the initial spin direction had been determined, the spin-
induced moving-wall effects took over.3

Moving-Wall Effect

The classical Magnus lift characteristics of a rotating cir-
cular cylinder represent a pure case of moving-wall effects.’
Using the wall-jet-like effect of the moving wall, one can ex-
plain the observed Magnus lift characteristics in Ref. 5 as
follows: The downstream moving wall delays flow separation
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Fig. 1 Tested canister shapes.!
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Fig. 2 Aerodynamic characteristics of a circular cylinder in the
critical Reynolds number region.

and the upstream moving wall promotes separation- (Fig. 4).
For the subcritical, laminar (for zero spin rate, Uy, =0) flow
case in Fig. 4, the Magnus lift is generated mainly by the
downstream moving-wall effect on the top side, moving the
separation from the subcritical toward the supercritical posi-
tion. On the bottom side, the separation is already of the sub-
critical type at p =0, and the upstream moving-wall effect does
not have much leverage for its separation-promoting action.
(The asymmetric flow separation is responsible for most of the
lift generation.)

These moving-wall effects on flow separation are rather
straightforward and explain the positive Magnus lift slopes,
¢, /3(Uy/U,)>0. What about the negative slopes,
dc,/3(Uy /U, ) <0, occurring at a critical wall velocity?
These so-called Magnus lift reversals are caused by the
moving-wall effect on boundary-layer transition.® When
P> P, the upstream moving-wall effect on the bottom side
causes boundary-layer transition to occur before separation,
changing it from the subcritical to the supercritical type. This
effect completely overpowers the regular moving-wall effects
and causes a more or less discontinuous loss of lift (Fig. 4).
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Fig. :; Measured pressure distributions on a circular cylinder in flat
spin.
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Fig. 5 Moving-wall effect on translating circular cross section in the
critical Reynolds number region.
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Fig. 6 Effect of Reynolds number on the drag of a circular cylinder.?
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It is shown in Refs. 6 and 7 that the moving-wall effects are
very similar for rotating and translating circular cross sec-
tions, because the dominant moving-wall effect occurs in the
boundary-layer formation region between the stagnation and
separation points. The main moving-wall effects on the
boundary layer occur within the first 20-deg azimuth from the
stagnation point.?

In the critical Reynolds number region, flow separation is
complicated by the presence of a laminar separation bubble
(Fig. 5a). The laminar flow separation develops near the
lateral meridian (¢ =90 deg) and is followed by transition in
the lifted shear layer, which causes flow reattachment. The
reattaching turbulent boundary layer is able to withstand the
adverse pressure gradient until ¢ = 140 deg before separation
occurs. This is far aft of the separation location for a fully tur-
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Fig. 7 Moving-wall effects on a circular cross section in the critical Reynolds number region.®
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Fig. 8 Measured flat-spin rate on an //d =4.03 circular cylinder.!
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bulent boundary layer, ¢=100 deg, resulting in a ‘‘drag
bucket’’ for the critical Reynolds number region?® (Fig. 6).
When the Reynolds number is increased, transition moves
forward in the bubble shear layer. This generates a more fully
turbulent flow profile in the reattaching shear layer, resulting
in a delay of the fmal turbulent” flow' separation. This
amplification of the beneficial effect of the increasing
Reynolds number continues until transition reaches the top of

1.5
1
1.0f Wored |
Bes B |
- | : 7). O INCREASING Re
) | 4 ’ X DECREASING Re
0.5+ | ! . W L
I i
i 1 "& o
L1 . R
e N W e w108
(Re_ )30 Re
a) I/d=5.11.

1 |

P b

0.5 *

| i

! }XJ K

0 l ! : i—n—%—x*
.2 3 (Reiyp e 610
b) I/d=4.03

¢) I/d=3.03.

Fig. 9 Effect of “aspect ratio’’ I/d on flat-spin rate of a circular
cylinder.!
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Fig. 10 Comparison between predicted and measured maximum flat-
spin rate of circular cylinders.
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the bubble, where it will remain until the Reynolds number has
been increased enough to overcome the transition delay caused
by local accelerated flow effects. The minimum drag plateau
in Fig. 6 is probably the result of this momentary arrest of the
forward transition movement with the increasing Reynolds
number. When' the Reynolds number is increased further,
transition jumps forward of the bubble, wiping it out. The
resultmg super-critical type separation increases with the in-
creasing Reynolds number and associated increased boundary-
layer thickness, resulting in increased drag? (Fig. 6).

In the case of a translating circular cross section (Fig. Sb),
the upstream moving- -wall effect will cause transition to occur
upstream of the flow separation, exactly as in the case of the
rotating cylinder (Fig. 4). The resulting movement of the final
turbulent flow separation from ¢ = 140 deg toward ¢ = 100 deg
results in a side force that will drive the ‘translatory monon,
thus explaining the experimentaily observed flat spin in the
critical Reynolds number region. To be able to predict the flat-
spin rate would obviously be important for the design of ax-
isymmetric containers to be air-dropped, especially if the con-
tent is sensitive to the spin-induced g loads. In what follows a
simple analysis, which provides the means for prediction of
the maximum flat-spin rate, is performed.

Analysis
The spin-induced local velocity component as a fraction of
freestream velocity is

Vo _ (Xx—Xec)@
U.  Ua

0

The cross section translating at velocity ¥ relative to the
freestream velocity U, has an effective total velocity:

Ve =UxV1+ (V,/Us)? 2

Ve is tilted relative to U(,, an angle ¢,
¢y =arctan(V,/U,) 3)

The drag component counteracting the translatory motion
is '

U2 [acC pV? .
pz S( axY')D= —= S¢g singy @
That is,
aC v, (V )
hdd 4 - — ke
( % )D = e V1+ Ua,) )

With (V,/U,) from Eq. (1), one obtains Eq. (5) in the
following form:

aC -
(520) =~/ O]
o /p ’

7= (x —Xxrc)/!
“N/1=y

The cross-sectional load resulting from the separation asym-
metry (Fig. 5b), which balances this damping load in the case
of the final flat-spin state, is

p___S <acy>

2
py YV%SAQ cosoy %)

where Ac; is the negative Magnus lift.
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Fig. 11 Measured flat-spin rate of a cone-cylinder body.1
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Fig. 12 Reynolds number hysteresis effects on flat-spin rate of an
1/d =5.17 circular cylinder.!

Combining Eqgs. (1-3) and (7) gives

aC )
(52) =acvii @ ®
0x /s K

Equation (8) is valid only for n=0. For <0, Ac, changes
sign, as is clear from earlier discussion.
Thus, one must write Eq. (8) in the following form:

where
Act=Acy, 1>0

=_’AC[, 7’<0

The condition for steady-state flat spin is
Sl —*rc/l [<BCY> aCy d
e L\ax ) T (W)AJ" n=0 10)

Equations (6), (9), and (10) define the following steady-state
spin rate:

_ 1-~xpc/l . —
Ops = E Ac; VT + 921,2116117/
—xpc/!
1—-xpc/l _
S cN 1+ Q29292 dy (11)
- xpc/!

For circular cylinders with large ‘“aspect ratio’’ //d, one can
expect to get a reasonable result by assuming two-dimensional
flow conditions, i.e., ¢; and Ac}remain constant. For low spin
rates, %> <1, Eq. (11) gives

=310+ )

0=+ () a
For high spin rates, {3 » 1, one obtains
=320 + ]

[(1 =59+ (591 (3
For xrc/! = 0.5, Egs. (12) and (13) give
<0y /,——_<_—- (14)

That is, for finite {rg, the flat-spin rate around xgc/1=0.5
can be approximated as

QFS"‘E‘ — (15)
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The maximum transition-induced asymmetry on a rotating
cylinder® (Fig. 7a) gives a value of Ac,=0.6, and the cor-
responding drag value (Fig. 7b) is ¢;=0.6. That is, the two-
dimensional Ac,/c, value in Eq. (15) is roughly unity, giving

According to Ref. 10, centrifugal and Coriolis forces are of

negligible magnitude for the circular cylinder.
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Fig. 13 Effect of boundary-layer trips on the flat-spin rate of cir-
cular cylinders.!
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Discussion of Results

The experimental results! in Fig. 8 show that the prediction
by Eq. (16) overestimates the maximum flat-spin rate. (The or-
dinate Qps/2 is used to present the results as was done in Ref.
1, which is in agreement with common usage.) As expected,
the predictions for //d— oo deviate more as the ‘‘aspect ratio”’
1/d decreases! (Fig. 9).

Applying the standard aspect ratio correction for wing lift
gives Eq. (16) in the following form:

Qps/2=(17/12)/(1 +2d/1) an

Figure 10 shows that Eq. (17) underpredicts the experimen-
tal results.! This is in agreement with Tarzanin’s findings!!
that sudden flow separation or reattachment occurs
simultaneously over part of the span of a rotating helicopter
blade. A similar spanwise correlation phenomenon can be ex-
pected here, shifting the experimental results toward the two-
dimensional limit. Thus, the experimental results! in Fig. 10
should be bounded by the predictions by Egs. (16) and (17), as
is indeed the case.

As expected, the measured maximum flat-spin rate for the
cone cylinder'? (Fig. 11) falls below that for the cylinder!
(Fig. 9a). The high Re spin rate, occurring when the critical
condition is reached at the conic end, appears to be of the
same magnitude in repeated tests,!> but occurs at very dif-
ferent Reynolds numbers. Repeat runs for the circular cylinder
also show this norepeatability of the critical Re condition!
(Fig. 12). Even more interesting is the fact that in one case the
transition from an initial low spin rate to the maximum one
occurred in combination with a reversal of the spin direction.
This indicates that Reynolds number and moving-wall effects
are competing with each other and with the effects of
freestream turbulence and surface roughness in a manner
similar to that observed for the intermittent, unsteady, asym-
metric vortex shedding from slender bodies at high angles of
attack.?

The measured effect of roughness!-? (Fig. 13) shows that the
azimuthal location of the first trip had a significant effect. The
roughness data have been added to the results shown earlier in
Fig. 9. The results in Fig. 13b show that asymmetry is induced
by the off-center location of the first roughness strip and con-
sequent azimuthal movement of downstream trips, resulting in
a higher flat-spin rate at subcritical Reynolds numbers than
when the trip is located at the center (Figs. 13a and 13c). Of
course, the trips help to produce asymmetry in all three cases.
This sensitivity is in agreement with trip results for a<90
deg.!? That is, the trips can increase as well as decrease the
asymmetric loads. The results for the cone-cylinder-cone
body! (Fig. 14) show this danger even more clearly. The spin
rate maximum without roughness compares well with the
single-cone level in Fig. 11, when one accounts for the higher
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Fig. 15 Effect of roughness on circular cylinder drag.’

1/d, 6.09 compared to 5.5. One would expect distributed
roughness to be more effective in reducing the flat- -spin rate,
both in regard to magnitude and Re extent. This is indicated
by the 2D results for a circular cylinder® (Fig. 15). The
diminished drag dip with increasing roughness implies that the
asymmetry-induced lift Ac, will be reduced also.

, Conclusions ‘

Based upon an analysis of flat-spin characteristics of bodies
with circular cross section, the following conclusions can be
made:

1) Flat spin of a body with circular cross section can occur
only in the critical Reynolds number region where asymmetric
flow separation can be established at =90 deg. .

2) The boundary condition at the wall, the so-calléd
moving-wall effect, controls the asymmetric flow separation
and produces the driving moment for the flat-spin motion.

3) A simple analysis, balancing this driving moment with the
drag-induced damiping moment, provides predictions that
bound the experimentally observed maximum flat-spin rate.
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