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Flat Spin of a Circular Cylinder
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and
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Experimental results are analyzed to develop an understanding of the flow physics causing flat spin of
circular cylinders in the critical Reynolds number region. The analysis shows that the flow phenomenon
playing the key role in producing flat spin is a three-dimensional moving wall effect, which becomes
especially powerful in the critical flow region by controlling flow separation through its effect on bound-
ary-layer transition. Three-dimensional flow phenomena appear to establish the spanwise venting needed
to sustain the asymmetric flow separation. It is also found that three-dimensional nonuniform roughness
as well as body microasymmetry play important roles in initiating the flat-spin motion.

Nomenclature
D' = crossflow drag, coefficient CD = D'l
d = cylinder diameter
h = height of protuberance

= cylinder lift, coefficient CL =
= cylinder length
= flat spin rate
= yawing moment, coefficient Cn = ,
= static pressure, coefficient Cp = (P - P00)/(p00Ul>/2)

p = spin rate
Re = Reynolds number, U^dlv^
S = reference area, m/2/4
t = time
U = velocity
Y' = sectional side force, coefficient cy = Y'l(pJJ2J2)d
y = spanwise coordinate
a = angle of attack
A = increment
8 = roughness height
77 = dimensionless y coordinate, 2y/l
v = kinematic viscosity
p = fluid density
<f) = azimuthal angle
</>o = azimuth of flow stagnation point
II = dimensionless flat spin rate, TrNl/U^

Subscripts
b = base
cr = critical
FS = flat spin
r - resultant
w = wall
oo = freestream conditions

Introduction

T HE flat spin of a circular cylinder presents a problem for
circular canisters dropped from sounding rockets as the
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g-loads are potentially destructive for the instrumentation pay-
load. The circular cylinder in flat-spin motion exhibits fluid
phenomena that are fundamental to bodies of revolution in
general1 and, therefore, have relevance to forebodies of aircraft
in flat spin. It has been shown that at high angles of attack
(AOA) the so-called moving wall effect2 on flow separation
can drive a body in a coning motion. This has been observed
experimentally,3 demonstrating that the moving wall effects
will dominate over the effects of geometric microasymme-
tries.4 The effects of flow separation are especially powerful
in the critical flow region, when they act on boundary-layer
transition.2 This is of particular interest as, during the descent
through the atmosphere, the Reynolds number of the full-scale
canister passes through the critical range. The aim of this ar-
ticle is to identify the three-dimensional flow mechanism in
flat spin, in particular to define how it changes the role of the
moving wall effect from what it is in the case of self-excited
coning5 at a « 90 deg.

Preliminary Considerations
For a perfectly smooth axisymmetric body, free to spin

around the wind axis, the coning direction would be deter-
mined by external perturbations of some sort, such as flow
nonuniformity or unsteadiness.3"5 The same is true for the flat-
spin direction of a circular cylinder with the rotation axis lo-
cated at midbody. Static tests of an lid = 3.82 circular cylinder6

showed a side force developing in the critical Reynolds num-
ber region (Fig. la), where the asymmetric, one-bubble flow
separation geometry has been observed in two-dimensional
tests7 (Fig. Ib). If the asymmetry were the same across the
span for the finite lid cylinder6 as in the two-dimensional test,7
no yawing moment and, consequently, no flat spin would de-
velop around a midbody rotation axis.

The fact that flat spin does develop6'8 indicates that the static
side force (Fig. la) is not symmetrically distributed along the
span at or near the critical Re region. There are several possible
causes, including nonuniform roughness distribution, body mi-
croasymmetry, and support-induced flow asymmetry. Once the
flat-spin motion is initiated, moving wall effects apparently
play the dominant role9 as in the case of the coning motion,3'4
judging by the pressure measurements on a circular cylinder
driven at 500 rpm around the midbody axis at Re = 0.318 X
106 (Ref. 6 and Fig. 2). The local rotation-induced moving wall
effects produced the critical-supercritical flow asymmetry in
opposite directions on the two sides of the rotation axis6 (Fig.
3). In Fig. 2 the stagnation point for section Q — Q is at <J> «*
30 deg, corresponding to </> = 0 in the flow sketch in Fig. 3.
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Fig. 1 Aerodynamic characteristics of a circular cylinder in the
critical Reynolds number region: a) measured side force on lid =
3.82 circular cylinder6 and b) pressure distribution on a two-di-
mensional cylinder.7

The downstream moving wall effect delays transition enough
to keep the critical flow separation with its laminar separation
bubble. The reattaching turbulent boundary layer separates at
roughly 140-deg azimuth,9'10 i.e., at <£ « 140 - 30 = 110 deg
in Fig. 2 for section Q — Q. In Fig. 3 the upstream moving
wall effect has moved the transition forward of the laminar
separation bubble, wiping it out on that side. The resulting
supercritical separation occurs at roughly 110-deg azimuth.9'10

This corresponds to <£ « 360 + 30 - 110 = 280 deg for
section Q — Q in Fig. 2. Considering the data accuracy, the
experimental results in Fig. 2 are in good agreement with the
postulated supercritical-critical crossflow separation geometry
shown in Fig. 3, which generates a prospin yawing moment.
The steady-state flat-spin results when this prospin moment is
balanced by the antispin moment generated by the crossflow
drag.9

Moving Wall Effect
The moving wall effect becomes extremely large when it

affects flow separation via boundary-layer transition. This is
demonstrated by the experimental Magnus lift characteristics11

shown in Fig. 4. At Re = 0.128 X 106, increasing the rotation
rate past the critical value to UWIU«, > 0.3 (curve f in Fig. 4)
results in Magnus lift reversal, producing an almost instanta-
neous loss of lift, ACL » —0.3. When the Reynolds number
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Fig. 2 Pressure distribution on a circular cylinder in flat-spin
motion at Re = 0.318 X 10* and N = 500 rpm.6
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Fig. 3 Supercritical-critical crossflow separation on a translat-
ing cylindrical cross section.

is increased to the critical value, Re « 0.3 X 106 (curve k in
Fig. 4), the moving wall effect acts on the shear-layer transition
in the laminar separation bubble, greatly increasing the mag-
nitude of the Magnus lift reversal; AQ «=* —0.6 compared to
ACL « —0.3. That the lift loss does not reach the magnitude,
0.8 < |ACL| < 1.2, indicated by static measurements12 (Fig.
5), is probably attributable to the increased suction lift gener-
ated on the top side through the delay of the laminar flow
separation caused by the downstream moving wall effect.3

Three-Dimensional Flow Effects
One big difference between three- and two-dimensional re-

sults is found in the measured side force and lift, respectively,
below the critical flow conditions. This is the likely result of
nonuniform roughness distribution and turbulence. The sys-
tematic two-dimensional tests performed by Schewe13 (Fig. 6)
show that the flow separation is laminar, subcritical, at Re = 2
X 105, critical at Re = 3 X 105, where a symmetric as well as



724 ERICSSON AND BEYERS

P X> CHIT.

0 0.1 fQ.2 0 . 3 0 . 4 0.5 0.6 v^O.7 0.8 0.9 1.0

Fig. 4 Magnus lift of a rotating circular cylinder at critical and
initially subcritical flow conditions.11

two alternative asymmetric critical-flow separation geometries
were observed, and, finally, supercritical at Re = 4 X 105. The
oil flow visualization results shown in Fig. 6 confirm the re-
sults obtained by Kamiya12 (Fig. 5). In Schewe's test13 the
Reynolds number was adjusted so that natural boundary-layer
transition could be expected to occur. The top graph in Fig. 7
shows a transition from symmetric, supercritical to asymmet-
ric, critical flow separation, and the bottom one shows a tran-
sition from symmetric, subcritical to asymmetric, critical flow
separation. That is, the Reynolds number was, respectively,
decreased and increased to the critical value. The direction of
the separation asymmetry was investigated 28 times, showing
that there was no preference. Both directions were equally
probable, regardless of whether the Reynolds number was in-
creasing or decreasing. The resulting separation asymmetry
was very stable in both cases. The time Af required to establish
the separation asymmetry was an order of magnitude larger
than the period of the von Karman vortex shedding.
Roughness Effects

The characteristics in Fig. 7 could also be produced by using
a triggering device13 (Fig. 8). The pin had a diameter of 0.8
mm, compared to the cylinder diameter of 60 mm. The height
was h ̂  1 mm. To trip the transition, the pin had to be located
between 45 and 60 deg azimuth from the stagnation point. The
transition from symmetric, subcritical to asymmetric, critical
flow separation did not always cover the whole span, resulting
in |ACL| < 1. However, once complete flow separation asym-
metry was established, retracting the pin had no effect. The
sign of the separation asymmetry was determined by the pin
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Fig. 5 Static lift of a circular cylinder in the critical Reynolds number region.1
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Fig. 6 Flow visualization of the crossflow over a circular cylinder
at subcritical, critical, and supercritical flow conditions.13
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Fig. 7 Lift of a circular cylinder at critical flow conditions for
increasing and decreasing Reynolds number.13

location. Perturbing the upper side gave positive lift for in-
creasing Re and negative lift for decreasing Re. Thus, for the
same pin location, the separation asymmetry depends upon
whether the Reynolds number is increasing or decreasing, i.e.,
whether the symmetric flow separation is subcritical or super-
critical, respectively. In the former case the protuberance pro-
moted transition, establishing the critical type of flow separa-
tion on the top side, producing a strong turbulent boundary
layer with associated greatly delayed flow separation, resulting
in positive lift generation. In the supercritical case, the protu-
berance simply promoted the supercritical nature of the flow
separation on the top side, moving it back toward </> = 100
deg.9'10 This allows the critical flow separation to be estab-
lished on the opposite, bottom side, resulting in negative lift
generation through the crossflow separation geometry sketched
in Fig. 3. In flat spin, the upstream moving wall effect pro-

duces very similar results, promoting transition, either through
the subcritical/critical crossflow separation, shown in Fig. 4
for Uw/U* < 0.1, or the supercritical/critical flow separation,
shown in Fig. 3.

On the actual free-falling canister, the roughness might take
the form of a distribution of surface depressions and protu-
berances. The presence of dimples is equally effective in low-
ering the critical Reynolds number.14 Little, if any, data are
available to compare the effects of a single roughness element
(such as that in Fig. 8) with those of distributed roughness.
However, since the key factor is the location of a roughness
element in a certain azimuthal region, the presence of local
distributed roughness in that region should result in continuous
triggering of the separation asymmetry on the cylinder in flat-
spin motion.

Combining these results with the experimentally observed13

arbitrary direction of the separation asymmetry on a smooth
circular cylinder, one concludes that it must be a combination
of local roughness, local Reynolds number, and local turbu-
lence that determines the initial direction of the flow separation
asymmetry. How extremely sensitive the Reynolds number
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Fig. 8 Lift of a circular cylinder controlled by a cylindrical pro-
tuberance.13
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boundaries of the critical flow regime are to roughness effects
is demonstrated by the experimental results15 in Fig. 9. Even
with the definition of smooth used by Schechenyi,16 i.e., (81
^smooth ^ 3.3 X 10~4, Fig. 9 indicates that the critical regime
extends from Re = 1.8 X 105 to Re = 5.7 X 105.

In Schewe's cylinder experiment13 the separation asymmetry
for initially symmetric, subcritical flow separation was in some
cases established only over part of the span. In the three-di-
mensional flow case of flat spin, spanwise venting exists in
the separated flow region, starting somewhere near midbody
in the static case, definitely at the midbody in the flat-spin case.
Thus, it is no surprise that a side force was measured9 by
Kubota et al.6 before the critical Reynolds number was reached
(Fig. la). Based upon these results the flat-spin data6 in Fig.
10 show that the critical flow condition was established early
on one-half (spanwise) of the cylinder at Re < 3 X 105. That
would explain the lower spin rate plateau compared to Re > 3
X 105, when the critical flow condition supposedly is estab-
lished on both (spanwise) halves. The Re hysteresis is a result
of the same type of flow-inertia effect that kept the separation
asymmetry in Fig. 8 when the pin was retracted. As expected,

V * * ! ̂ 3 * 1 * ! *' f * * !
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REYNOLDS NUMBER, R«

Fig. 9 Effect of roughness on the extent of the critical Reynolds
number region.15

600

e 500
Q.

z 400
UI

< 300
z
S 200
(/)
t .

5 100u_

0

-100

~ a IHCREASINC. Re ^^
m DECREASING Re jg

- *

1

1

L J**fSH>*

r*

1 1
1 I

i *?j /i /
1 j
*f

m* m 1
1 2 3 A 5«105

- FREE STREAM REYNOLDS NUMBER Re

-200L

Fig. 10 Flat spin of a circular cylinder for increasing and de-
creasing Reynolds number.6
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Fig. 11 Yawing moment for forced flat spin at subcritical, criti-
cal, and supercritical flow conditions.17

the Re hysteresis occurs in both cases, Re < 3 X 105 as well
as Re > 3 X 105.

Prediction of Flat Spin Using Static Data
In an exploratory project to develop methods for prediction

of flat spin, NASA Langley Research Center generated the
results17 presented in Fig. 11. Using the two-dimensional drag,
where CD « 1.2 in the subcritical region, Re < 0.3 X 106, and
0.3 < CD < 0.4 in the supercritical region, Re > 0.4 X 106 (Ref.
17). It can be seen that using these values in a strip analysis
gave a rather good prediction of the flat-spin (yawing) moment
Cn as a function of the reduced spin rate fl = irNl/U^. (For
the midbody rotation axis ft = £/Wmax/£/oo.) However, the static
data cannot predict the measured Cn in the critical flow region,
where the moving wall effects dominate.2 Actually, all three
sets of test results in Fig. 11 require further explanation.

As the contribution to the yawing moment from a local seg-
ment is proportional to the square of the spanwise distance
from the rotation center,9 it is the circular-cylinder portion of
the ogive-cylinder in Fig. 11 that generates the important
aerodynamics. Consequently, the results in Fig. 11 are of direct
interest for the present case of flat spin of a circular cylinder.
Based on the results for a body in steady coning motion at
subcritical flow conditions,3*4 one would expect the measured
Cn to be positive at low ft, and to become zero at a certain
ft. Why are the undamping moving wall effects causing the
steady-state coning absent in the flat-spin results17 in Fig. 11?

Three-Dimensional Flow Mechanisms in Flat Spin
Spanwise Flow Venting

On the coning body at a < 60 deg the static axial flow
component provides the venting of the separated flow region
that is needed to establish steady asymmetric flow separation.4
No corresponding flow component exists in the flat spin. The
flow mechanism providing a spanwise flow component on the
cylinder in flat spin is governed by the three dimensionality of
the rotational flowfield. A nonplanar velocity distribution exists
as a result of the helical stagnation line, which can be under-
stood from kinematic considerations (Fig. 12). At the spanwise
station 17 the angle <£0 is

= tan'^ft) (1)
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At flat spin, ft = f!FS « ±1, and Eq. (1) gives

<£o = ±tan-1(r?aFS) « ±tan-17j (2)

Stations P — P and Q - Qin Fig. 2 are at 17 = ±0.5, which
in Eq. (2) gives <f>0 = ±26.5 deg. This agrees reasonably well
with the experimental results in Fig. 2, <p0 « ±30 deg. At the
cylinder tips, rj = ± 1 and Eq. (2) yields <£0 = -45 deg. The
separation asymmetry is skewed by the helix angle <f>0 (see
inset sketch in Fig. 12). Thus, the local side force, as deter-
mined by two-dimensional strip analysis, is not in the plane
of the flat spin. The experimental results in Fig. 2 show su-
percritical separation to occur at 60 < <j> < 80 deg, i.e., 90—
110 deg from the flow stagnation point. The critical separation
occurs at 160 < </>< 180 deg, i.e., 130-150 deg from the flow
stagnation point. In two-dimensional flow over a stationary
circular cylinder the supercritical and critical flow separations
occur at approximately 110 and 140 deg azimuth, respec-
tively.9'10 That is, the experimental results in Fig. 2 suggest that
the upstream moving wall effect promoted the supercritical
separation to occur earlier than on the stationary cylinder, and
the downstream moving wall effect delayed the critical sepa-
ration, all in agreement with expectations.2 Thus, the moving
wall effects produce an additional twist of the crossflow sep-
aration in addition to the spin-induced skewing of the flow
stagnation line, an effect neglected in Ref. 9. The analysis in
Ref. 9 accounts only for the helical skewing of the flow stag-
nation line when using two-dimensional experimental Magnus
lift results11 to account for the moving wall effects. On the
outboard sections near the cylinder tips, the contributions to
the autorotative moment are reduced greatly through three-
dimensional end effects, including the effect of tip vortices,
generating an influence of the finite span somewhat similar to
that for a wing.9

Fig. 12 Helical flow stagnation line on a circular cylinder in flat
spin.

Fig. 13 Conceptual flowfield on a circular cylinder in flat spin at
critical Reynolds numbers.

The location and size of a laminar separation bubble is gov-
erned by three-dimensional flow effects. As a result of the
spanwise pressure gradient caused by the rotation-induced flow
separation asymmetry, sketched in Fig. 12, vortex splitting is
likely to occur, similar to that observed on a stationary cylinder
at transitional Reynolds numbers.18 To quote the authors:
"Two-dimensional laminar separation with twin-separation
lines is observed at a subcritical Reynolds number at Re = 1.85
X 105. Three-dimensional, cell-like separation is found beyond
the critical Reynolds number at Re = 4.1 X 105." This cell-
like structure will also exist for the flat-spin case, but deformed
through the helical skewing. That is, streamwise vortices are
venting the separation bubbles, with a single cell appearing on
each half-span of the cylinder, locked into position by the
spanwise local Reynolds number variation and pressure gra-
dients (Fig. 13). The streamwise vortices on the outboard end
of the separation bubble will interact, and possibly combine
with the tip vortices. This could provide the spanwise venting
needed to maintain the asymmetric crossflow separation ge-
ometry.

Yon Karman Vortex Shedding
Another important difference between the coning and flat-

spin motions is that unsteady von K£rm£n vortex shedding is
only present for the flat-spin case. For subcritical flow condi-
tions (Re < 0.128 X 106 in Fig. 4) the oscillatory forces caused
by von K£rma*n vortex shedding are of the same magnitude as
the measured Magnus lift on a rotating circular cylinder.12'19

For the rotating circular cylinder in Fig. 4, the steady moving
wall effects are apparently strong enough to rotate the flow
separation to produce a nonzero time average in presence of
the von Kdrma'n vortex shedding. This occurs because the
moving wall effects interact with the boundary layer up to the
flow separation point. In contrast, on the cylinder in flat spin
the moving wall effects are concentrated in the boundary-layer
build-up region near the flow stagnation point and cannot com-
pete with the forced oscillation of the separation point through
the von Kdrma'n vortex shedding, resulting in zero time-aver-
aged side force. A similar condition exists at supercritical flow
conditions. However, von K£rm£n vortex shedding with a
unique Struhal number such as in the case of subcritical or
supercritical flow conditions, does not exist at critical flow
conditions.20 Consequently, the steady-state moving wall ef-
fects could be overmatched by the forced oscillation of the
separation point through the von KaYmdn vortex shedding, re-
sulting in zero time-averaged side force through asymmetric
crossflow separation; this leaves the damping crossflow drag
in full control, as indicated by the experimental results for Re
= 2.76 X 105 and Re = 5.52 X 105 in Fig. 11.

The deviation from prediction of the experimental results in
Fig. 11 could be caused by the variation of the local Reynolds
number along the span, in addition to any three-dimensional
flow effects. As the local Reynolds number is Re = Re(l +
rj2!!2)172, one can see that the maximum local Reynolds number
for H = 1 is Rem&x = Re(l + rf)m. Thus, for Re = 2.76 X 105

one obtains Rem&x = 3.8 X 105 at the cylinder tip (17 = 1), i.e.,
well into the critical flow region. Thus, the variation of cyl-
inder drag with Reynolds number21 could produce the subcrit-
ical experimental data trend in Fig. 11. For the supercritical
case, Re > 4.3 X 105, the drag is only CD « 0.3, resulting in
the diminutive Cn(O) shown in Fig. 11 for Re = 5.52 X 105.

Forced Flat Spin
The most intriguing results from the flat-spin test17 (Fig. 11)

are those shown in Fig. 14 for the critical flow conditions. To
understand them it is again helpful to revisit the Magnus lift
results11 in Fig. 4. At UW/U*> < 0.1, the moving wall effect
delays shear-layer transition in the laminar separation bubble
on the top side and promotes transition in the bubble on the
bottom side (see bottom inset in Fig. 14). As a consequence,
the final, turbulent flow separation is delayed more on the bot-
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Fig. 14 Yawing moment measured at critical flow conditions.17

torn side than on the top side,2 resulting in the measured11 neg-
ative Magnus lift. In the flat-spin case under critical flow con-
ditions (Fig. 14), the moving wall effect on the two-bubble sep-
aration geometry will also generate a negative force, resulting
in a negative yawing moment, as illustrated in Fig. 14 for H <
0.25. Note that the drag-generated contribution to Cn is of much
smaller magnitude than at subcritical flow conditions, CD < 0.3
compared to CD » 1.2. Consequently, the antispin moment Cn
in Fig. 14 for fl < 0.25 is largely generated by the critical/critical
crossflow separation. Comparing Fig. 14 with Fig. 4, one can
see that in the three-dimensional case there is a complicated
transition to the final one-bubble geometry (Fig. 3) that is not
present in the two-dimensional case. Clearly, this difference is
caused by the three-dimensional flow effects discussed earlier,
which are present only in the flat-spin case.

As the ogive-cylinder is driven at higher and higher spin
rate, the Reynolds number is increasing, first reaching the crit-
ical value outboard towards the cylinder tip, where the two-
bubble separation geometry is established (see Fig. 14). When
the spin rate is increased beyond fl = 0.25, it is possible ac-
cording to Schewe's results13 that the subcritical-critical flow
separation geometry is established over a limited spanwise ex-
tent outboard towards the cylinder tip, whereas the inboard
section still has the two-bubble separation geometry. This
would explain the decrease of the magnitude of the damping
Cn at 0.25 < fl < 0.50. At H > 0.5, the one-bubble asymmetric
flow separation geometry sketched in Fig. 3 is apparently es-
tablished, as is illustrated by the flow sketch in Fig. 14. The
helical flow stagnation line (Fig. 12) along the span in the case
of flat spin (Fig. 14) and the associated three-dimensional flow
effects (Fig. 13), together with the spanwise variation of the
local Reynolds number discussed earlier, make it very difficult
for the same crossflow separation geometry to be established
over a large spanwise extent.

Transient Flat-Spin Characteristics
In the flat-spin case, the spin is initiated by static flow sep-

aration asymmetry, unevenly distributed along the span. It is
obvious that the side force generated outboard towards the tips
of the circular cylinder will generate the dominant yawing mo-
ment, determining the direction and acceleration of the flat-
spin motion. As pointed out by Schewe,22 it is improbable that
transition would occur simultaneously on both sides of the

stagnation line. Differences in the flow microstructure on the
two sides could arise from any number of sources, of which
body microasymmetry and surface roughness are the most ob-
vious. In addition, in the wind tunnel the pressure gradients
produced by the support could result in sufficient deceleration
of the flow on one side to affect transition. In the case of the
free-falling canister this differential effect is probably motion
induced.23 Because of its bistable characteristics the circular
cylinder cannot trim at a = 90 deg, but will precess about a
slightly smaller mean AOA, providing the fluctuating flow sep-
aration conditions that could lead to flat-spin initiation. The
process leading to the one-bubble configuration can involve
many phases of instability,22 which might be highly sensitive
to freestream turbulence.

It is possible that the symmetric, two-bubble critical flow
separation may develop momentarily on some spanwise seg-
ment, generating the negative, damping, yawing moment con-
tribution measured at 0.25 < H < 0.50 (Ref. 17) (Fig. 14). The
pure damping contribution, generated by the two-bubble sep-
aration geometry when driving the model at H < 0.25, is prob-
ably next to impossible to establish in the free-to-spin case. It
could possibly be established on some spanwise segment, in
which case something similar to the transient condition at 0.25
< fl < 0.50 in Fig. 14 could occur very briefly over a limited
spanwise extent on the free-to-spin circular cylinder.

In the free-to-spin test24 (Fig. 15), as in the case of the two-
dimensional cylinder,13 increasing or decreasing the Reynolds
number establishes the same type of asymmetric supercriti-
cal-critical flow separation, resulting in the same magnitude
of the maximum flat-spin rate (compare + and X symbols in
Fig. 15). And, as in the two-dimensional case13 (Fig. 7), the
peak sectional side force is of the same magnitude for increas-
ing and decreasing Reynolds number, resulting in the same
maximum flat-spin rate for increasing and decreasing Reynolds
numbers. Based upon Schewe's results13 (Fig. 7) the super-
critical-critical flow separation in the presence of large up-
stream moving wall effects, sketched in Fig. 14 for O ^ 0.6,
is very similar to the subcritical-critical separation asymmetry
in the presence of downstream moving wall effects, sketched
in Fig. 4 for 0.1 < UwlU<*> < 0.2, producing lift forces of the
same magnitude. Consequently, one could assume that the
maximum local side force for the supercritical-critical sepa-
ration asymmetry in the flat-spin case (H > 0.6 in Fig. 14) will
be of the same magnitude as the Magnus lift for subcritical-
critical flow separation asymmetry (H < 0.2 in Fig. 4). This is
the assumption implicit in the flat-spin prediction method de-
rived in Ref. 9. Similarly, it is assumed in Ref. 9 that the
maximum moving wall effects on a rotating circular cylinder
at critical flow conditions, curves j, k, and 1 in Fig. 4, obtained
for UWIU* < 0.2, are approximately the same as those for a
translating cylinder at H ^ 1 in Fig. 14, where Uw/U* = rj£l.
How can this be the case?

In Ref. 25 it is shown that the potential separation delay and
associated increase of airfoil maximum lift, generated by the
moving wall effects on the boundary-layer buildup near the
flow stagnation point, is rapidly saturated with increasing pitch
rate. This saturation phenomenon should also apply to the ef-
fect of spin rate on the rotating circular cylinder, although the
saturation level of Uw/U* might be slightly higher because of
the three-dimensional flow effects. However, as already noted,
in a first approximation one can use the results for UWIU«> <
0.2 in Fig. 4 to represent the moving wall effects for a trans-
lating cylinder. For Uw/U* > 0.2 in Fig. 4, the moving wall
effects on the boundary-layer development away from the flow
stagnation point become important. At Uw/U* ^ 2, they are
strong enough to prevent the usual flow separation with as-
sociated von Kdrmdn vortex shedding from occurring on the
rotating cylinder.26 For this reason, the peak negative Magnus
lift measured for subcritical-critical flow separation at 0.1 <
UW/U<» < 0.2 in Fig. 4 was used in Ref. 9 to represent the
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Fig. 15 Flat spin of a circular cylinder for increasing and decreasing Reynolds number.24

sectional side force for the translating circular cross section at
0.6 < ft < 1.0 in Fig. 14, when it experiences the super-
critical-critical flow separation indicated by the inset sketch.

The detailed description of the relationship between the
moving wall effects on a circular cylinder in flat spin and those
generating Magnus lift on a rotating cylinder, together with the
envisioned three-dimensional flow effects, provide a sound ba-
sis for the extension of the prediction method derived in Ref.
9 to develop a more realistic prediction of the flat spin of a
circular cylinder in free fall.

Conclusions
An examination of the fluid mechanics of the flat spin of a

circular cylinder led to the following conclusions:
1) Flat spin is maintained by the supercritical-critical cross-

flow separation generated by the moving wall effect at critical
flow conditions, facilitated by the spanwise venting of the flow
separation through three-dimensional flow effects. The moving
wall effect controls the crossflow separation through its effect
on boundary-layer transition.

2) In regard to the initiation of flat spin, it is found that
minute surface roughness plays a dominating role, generating
a large autorotative moment that almost instantaneously ac-
celerates the circular cylinder up to the final, large flat-spin
rate.

3) The three-dimensional flow topology and flowfield inter-
actions described provide the basis for the development of a
more refined prediction method for flat spin of a circular cyl-
inder than previously possible.
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