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Moving Wall Effects in Unsteady Flow
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Nomenclature
cross-sectional chord length, c = D for a circular
cylinder
cylinder diameter
sectional drag: coefficient cd = dl l(p ^U^lty
frequency of oscillating body
natural frequency of oscillating body
frequency of pressure oscillation
frequency of Karman vortex shedding
fv for stationary cylinder
body length
cross-sectional lift: coefficient cf =^/(^00t/^0/2)c
cross-sectional pitching moment: coefficient
cm = mpl(PoQU2J2)c2

static pressure: coefficient Cp = (P — />
00)/(poo^^o/

rotation or spin rate
Reynolds number, usually Re = Rec = U^c/v^
cylinder radius, r == D/2
reference area, S = nD2/4
time
freestream horizontal velocity
wall velocity
chordwise or axial distance from leading edge or
apex
sideforce: coefficient CY =

z = translatpry coordinate
z = dz/dt, $ = d2\l//dt2i Cfu = dCf/da.
a = angle of attack
a0 = trim angle of attack
a = equivalent amplitude, a == l^l/t/^
ft* = local side slip angle, w H-wlU^
A = increment or amplitude
C0 = mechanical damping, fraction of critical
9 = perturbation in pitch or torsion
9* == equivalent pitch perturbation, Eq. (1)
v = kinematic viscosity
£. = dimensionless coordinate, ^ = x/c
p = fluid density
o = total flow inclination
</> = phase angle
cp = peripheral angle, cp = 0 at the stagnation point
\l/ _ — coning angle
Q,Q = flat-spin rate, Q = dij//dt for a = 90 deg, Q =
co,co — oscillation frequency, co = 2nf, co = coc/U^

Subscripts
AV = asymmetric vortices
F = forebody
FS = flat spin
max = maximum
fnirt = minimum
N = nose tip
s = separation
sp — separation point
SV == symmetric vortices
UV = unsteady vortices
D = vortex
vg — vortex growth
W =wall
WR = wing rock
1,2 = numbering subscripts
oo = freestream conditions
Superscripts
( — ) = integrated time-average value, e.g.,

Introduction

THE classic moving wall effect generating so-called Magnus
lift1 is well recognized (for example, see Swanson's re-

view2). In contrast, the fact that very similar moving wall
effects are present for other types of body motion and for a
variety of body geometries has largely been ignored. It is the
purpose of this paper to remove this ignorance by showing
numerous examples from both two-dimensional and three-
dimensional flow; in short, the dynamic omnipresence of mov-
ing wall effects will be demonstrated.

Moving Wall Effects
Moving wall effect, as used in the present paper, refers to the

unsteady boundary condition at the body surface between flow
stagnation and separation points. A rotating circular cylinder
presents a well-known case of moving wall effects in stationary
flow, and the experimental results presented by Swanson2 will
be used as the starting point and reference when discussing
other types of moving wall effects. The wall jet-like effect of the
moving wall is illustrated in Fig. 1 (for the case UWIU00 = 1).
On the top side, downstream moving wall effects fill out the
boundary-layer velocity profile, thereby delaying flow separa-
tion, whereas on the bottom half upstream moving wall effects
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promote separation. The upstream moving wall effects are
by far the strongest, as is demonstrated by comparing the Mag-
nus lift for laminar (subcritical, Fig. 2) and turbulent (super-
critical, Fig. 3) flow conditions.2'3 (The nomenclature refers to
the initial boundary-layer conditions existing at p = 0). In the
laminar case, the Magnus lift is generated mainly by the down-
stream moving wall effect on the top side, moving the separa-
tion from the subcritical towards the supercritical position
(Fig. 2). On the bottom side, the separation is already of the
subcritical type at p = 0, and the upstream moving wall effect
does not have much leverage for its separation-promoting ac-
tion. In the turbulent case (Fig. 3), however, the situation is
reversed. The main effect is that of the upstream moving wall
on the bottom side, promoting separation, moving it from the
supercritical towards the subcritical position. The difference in
Magnus lift slopes, the turbulent one being three times as large
as the laminar one, reflects the fact that the adverse (upstream)
moving wall effect is the largest, as would be expected.

These moving wall effects on laminar and turbulent flow
separation are rather straightforward and explain the positive
Magnus lift slopes. The negative slopes, the so-called Magnus
lift reversals, are caused by the moving wall effect on
boundary-layer transition. In the laminar case (Fig. 2), when
P <Pcrit> the upstream moving wall effect on the bottom side
causes transition to occur before separation, changing it from
the subcritical toward the supercritical type. This effect com-
pletely overpowers the regular moving wall effects and causes a
more or less discontinuous loss of lift (Fig. 2). In the turbulent
case (Fig. 3), it is the downstream moving wall effect on the top
side that delays transition, causing it to move downstream of
the separation point, thereby changing the separation from the
supercritical towards the subcritical type. This also generates a
more or less discontinuous loss of lift.

Critical Reynolds Number
In both cases of Magnus lift just discussed, the changes were

towards—but not all the way to—the subcritical or supercriti-
cal types, the full change being restricted by the "regular"
moving wall effects. However, at critical flow conditions these
restrictions are no longer present. As a result, the lift loss is
larger and is generated immediately when/? changes from/> = 0
to p ^ 0 (Fig. 4). In the critical Reynolds number region the
flow separation is dominated by the presence of a laminar
separation bubble. The laminar flow separation develops near
the lateral meridian ((p — 90 deg) and is followed by transition
in the lifted shear layer, which causes flow reattachment. The
reattaching "freshly" turbulent boundary layer is able to with-
stand the adverse pressure gradient until (p « 140 deg before
separation occurs. This is far aft of the separation location for
a fully turbulent boundary layer <p«100deg, resulting in
a "drag bucket" for the critical Reynolds number region4

(Fig. 5).

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fig. 2 Moving wall effects on a rotating cylinder with laminar flow
conditions.

0 0.1 0.2 0.3 0.4 XJ.5 0.6 0.7 0.8 0.9 1.0

Fig. 3 Measured Magnus lift on a rotating cylinder with turbulent
initial flow conditions.
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Fig. 1 Computed boundary layer flow profiles on a rotating cylinder Fig. 4 Measured Magnus lift on a rotating circular cylinder at critical
with UWIUX = I.2 flow conditions.2
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Fig. 5 Flow regions for a circular cylinder.4
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Fig. 7 Lateral response of a circular cylinder to Karman vortex shed-
ding at subcritical flow conditions.5

When the Reynolds number is increased, transition moves
forward in the raised shear layer forming the bubble. This
generates a fuller turbulent-flow profile in the reattaching shear
layer, resulting in a delay of the final, turbulent-flow separa-
tion. This amplification of the beneficial effects of increasing
Reynolds number will continue until transition reaches its most
forward location on the top of the bubble. Transition will re-
main there until the Reynolds number has been increased
enough to overcome the transition delay caused by local accel-
erated flow effects. The minimum drag plateau in Fig. 5 would
result from such momentary arrest of the forward transition
movement with increasing Reynolds number. When transition
is increased further, transition jumps forward of the bubble,

a) Wind Speed 10.57 FPS

b) Wind Speed 12.4 FPS

Fig. 8 Response amplitude characteristics below and above resonance.5

a) Steady Cylinder

b) Oscillating Cylinder

Fig. 9 Unsteady flow separation on steady and oscillating circular
cylinder at/</tw.10

wiping it out. The resulting supercritical type separation in-
creases with increasing Reynolds number resulting in increased
drag (Fig. 5).

The first part of the critical flow region in Fig. 5, with its
sharp drop of cd with increasing Reynolds number until the
minimum drag plateau is reached, corresponds to the Reynolds
number region in Fig. 4, giving the negative Magnus lift slope.
In the case of a rotating circular cross section (Fig. 6), the
upstream moving wall effects causes a forward movement of
transition in the lifted shear layer, forming the laminar separa-
tion bubble. As is sketched in Fig. 6b, the resulting separation
delay produces increased suction, generating negative lift. A
similar contribution to the negative Magnus lift in Fig. 4 is
generated by the transition delay caused by the downstream
moving wall effects on the opposite side. This promotes flow
separation and causes a loss of suction.

The results shown in Figs. 1-6 are going to be used in what
follows to explain the observed moving wall effects for other
body motions and other body geometries, both in two-dimen-
sional and three-dimensional flow.

Two-Dimensional Flow
Changing the motion of the circular cylinder from steady-

state rotation to oscillatory translation, one obtains results
such as those5'6 presented in Fig. 7. The figure shows that the
cylinder response at resonance, U^ « 11.5 fps, is only a frac-
tion of the maximum response at Ux w 13.5 fps. Figure 8
shows that the response below the resonant wind velocity, at
U^ = 10.57 fps, is of the forced oscillation type expected near
resonant conditions, whereas the response at higher velocity,
C/oo = 12.4 fps, shows the build-up to a limit cycle amplitude
characteristic of an oscillatory system subject to nonlinear neg-
ative damping.7 The latter type of cylinder response, the so-
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D EXP. (REF. 5)

PRED. (REF. 10)

Fig. 10 Predicted and measured subcritical response to Karman vortex
shedding.10

£0= 0.0012

Fig. 11 Effect of mechanical damping on response amplitude.10

0.015 (REF. 19)

Fig. 13 Time-average lift for a thin airfoil describing oscillation in
pitch at Re = 106.21

Fig. 14
effect.22

"Leading edge jet"

Fig. 12 Composition of a-ramp overshoot of static cf max.18

DOWNSTROKE

called lock-on or synchronization, occurs when a certain
threshold value, Az//> « 0.02, is exceeded.8'9

When the threshold amplitude is exceeded and vortex lock-
on occurs, the response is a result of the coupling between body
motion and the oscillatory flow separation associated with the
Karman vortex shedding.3'9'10 The self-excited response ob-
served for galloping cables,11 for example, is, as a rule, occur-
ring without such coupling effects. As a matter of fact, coupling
with the Karman vortex shedding can inhibit the galloping.12

However, the maximum response of the circular cylinder,
shown in Fig. 1, can occur only through a strong coupling
between the Karman vortex shedding and the body motion.
The flow concept used by the present author in Refs. 3, 9, and
10 is similar to the "oscillatory Magnus" effect suggested by
others in Refs. 13 and 14. The difference is that the moving wall
effect on flow separation is considered to be the dominant flow
phenomenon in one case,3'9'10 whereas in the other some form
of momentum transfer to the inviscid ambient fluid through
feedback from the oscillating wake is the proposed flow mech-
anism.13'14

There is a good deal of similarity between the moving wall
effect on dynamic stall15 and the corresponding effect on a
rotating2 or translating5'6 circular cylinder, as was pointed out
in Refs. 3, 9, and 10 and is illustrated in Fig. 9. The open vector
denotes the lift and the solid vector the translatory velocity (z).
When the cylinder oscillates at a frequency below that of the
Karman vortex shedding frequency for a steady (nonoscillat-
ing) cylinder, the flow separation delay due to the moving wall
effect will drive the motion, i.e., negative aerodynamic damping
is generated. For the rotating cylinder in Figs. 1-6 the moving
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Fig. 15 Dynamic lift on the SC-1095 airfoil.23
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Fig. 16 Comparison of pitch and plunge data in deep stall.25

wall velocity (U^) is constant around the circumference. It
rotates the mean or time-average orientation of the flow sepa-
ration, thereby producing (the stationary) Magnus lift. This
usually occurs in the presence of an unsteady Karman vortex
shedding with associated oscillating flow separation.16 Uwf
£/oo > 2 is required to suppress the Karman vortex shedding. If
the cylinder were to describe torsional oscillations at a fre-
quency close to the Karman vortex shedding frequency, the
unsteady flow separation would, of course, be influenced. It is
shown in Refs. 9 and 10 that the moving wall effect is only
important in the boundary layer formation region near the
stagnation point, becoming of negligible magnitude when
\cp\ > 20 deg. Consequently, the moving wall effect on flow sep-
aration (or transition) will not differ much for torsional and
translational oscillations.

The moving wall effect on the unsteady flow separation will
be largest when the cylinder oscillates at a frequency such that
the moving wall effect on the boundary layer formation (at the
stagnation point) has been convected down to the separation
point at the time of flow separation. For other frequencies the
flow separation will be affected by the much weaker moving
wall effect existing away from the stagnation point. This
"tuning" requirement is used in Ref. 10 to determine the
frequency giving the maximum cylinder response to Karman
vortex shedding.

In addition to this self-excited type of response to the Kar-
man vortex shedding, there is the resonant-type response for
frequencies near the Karman vortex shedding frequency. The

ojs-

Fig. 17
Ref. 26.

0 3 10 15 20 25 30

Lift loops for pitching and plunging oscillations as presented in

analysis in Ref. 10 provides the prediction shown in Fig. 10,
which agrees well with the experimental results1'2 shown earlier
in Fig. 1. The analysis permits the response for zero external
damping to be predicted10 (Fig. 11). This would be the ex-
pected response in water, for example, where auxiliary damp-
ing usually is of negligible magnitude.

Dynamic Stall
When studying the characteristics of unsteady airfoil stall, it

is instructive to start with the simple case of a ramp- wise
change of angle of attack18-19 (Fig. 12). The dynamic overshoot
of the static stall angle has two components, Aa and Aa5. The
first is purely a time lag effect, shifting the lift curve to the
higher incidence a + Aa. The second component, Aa,,, produces
the experimentally observed overshoot, A^max = c^ Aa5, over
the static lift maximum (at very high pitch-up rates there is also
a significant contribution to <vmax from the "spilled" leading-
edge vortex20). One contribution to the overshoot Aa5 comes
from the beneficial accelerated flow effects on the developing
boundary layer during the a -increasing phase of a pitching
airfoil.18 However, that this could not be the only contribution
is evident from the experimental results21 in Fig. 13. For exam-
ple, in the case of the measured time average lift (it is itself
above the static cf max, indicating that the instantaneous over-
shoot A<v max must have been very large), at a = 22 deg, the
oscillation amplitude A0 « 6 deg does not permit the airfoil to
reach down below the static stall angle a, w 10 deg to experi-
ence the accelerated flow benefits, which can be realized only
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—— Plunging26

- Pitching27
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a) Original data
20 25

b) Zero-shifted data
Fig. 18 Lift loops plotted against a common lift scale.28

for initially attached flow. Another flow mechanism is clearly
needed to explain the results in Fig. 13.

The other dynamic stall overshoot mechanism is the moving
wall effect, the so-called "leading edge jet" effect illustrated in
Fig. 14. As the leading edge moves upward during the "up-
stroke," the boundary layer is strengthened and stall delayed
due to the large difference in tangential wall velocities at the
stagnation point and the flow separation point on the top of
the airfoil. Thus, through this wall jet-like effect the boundary
layer has a fuller velocity profile and is, therefore, more difficult
to separate. The "rolling leading edge" analogy in Fig. 14 was
used22 to illustrate the similarity to the classic moving wall
effect, generating the Magnus lift shown in Figs. 1-6. In con-
trast to the accelerated flow effect, the "leading edge jet" effect
is also present in the case of separated flow aft of the leading
edge, permitting a gradual improvement of the boundary layer
until it stays attached downstream of the leading edge. The
analysis in Ref. 18 shows that accelerated flow and "leading
edge jet" effects are proportional to the pitch-up rate and
should, therefore, be simulated (aside from small deviations
caused at high frequency and large amplitude by the nonlinear
"spilled vortex" effect), if the maximum pitch-up rate dc/U^ is
simulated. The experimental results23 in Fig. 15 confirm that
this is the case (fa/U^l is simulated if d) A0 remains the same).

Pitching and Plunging Oscillations
It is clear from Fig. 14 that the moving wall effect, the so-

called "leading edge jet" effect, will be different for a pitching
and a plunging airfoil. Using Carta's nomenclature,24 one can
express the effective angle of attack as follows

(i)

where z/U^ is the "equivalent pitch."
Thus, when 9* is increasing for the pitching airfoil, the

"leading edge jet" effect is beneficial, whereas it is adverse for
the plunging airfoil when 9* is increasing. In spite of this fact,
according to McCroskey, the dynamic stall analysis methods in
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Fig. 19 Pitching moment loops for pitching and plunging oscillations.26
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Fig. 20 Airfoil normal force characteristics in plunge and pitch.24
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Fig. 21 Normalized work per cycle for plunging oscillations.24
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use (with one exception18) at the time of his review25 all as-
sumed that the similarity expressed by a in Eq. (1) was valid.
Figure 16 was used in Ref. 25 to illustrate the validity of Eq.
(1). It was originally presented in Ref. 26 as shown in Fig. 17.
The rationale behind the stretching of the ordinate scales was
to make the dynamic c£ max the same, assuming that the mea-
sured difference was due to the large difference in Reynolds
number between the pitching27 and plunging26 tests. Looking
at the original "uncorrected" results (Fig. 18a), one finds that
by simply zero-shifting the experimental curves one can get the
static characteristics to agree. This also brings the initial 9*-
increasing portions of the loops to agree28 (Fig. 18b). This is
expected as the Reynolds number has little influence on these
attached flow branches of the loops. In regard to the rest of the
loops, moving wall effects are likely to dominate over devia-
tions caused by the difference in Reynolds number between the
two tests. The differences between the two loops in Fig. 18b can
all be explained by the opposite moving wall effects, as is
discussed at length in Ref. 28. The original pitching moment
results (Fig. 19) give a more direct measurement of this differ-
ence, showing that the beneficial moving wall effects for the
pitching airfoil delays stall to a « 24 deg, whereas the adverse
moving wall effects for the plunging airfoil causes stall to occur
already at a « 16 deg. Even in the case of a bluff-face configu-
ration, such as a rectangular cross section, moving wall (or
"leading edge jet") effects greatly influence the flow separa-
tion.12 The difference between those effects for plunging and
pitching oscillations have a profound effect on the coupling
with Karman vortex shedding.12

Anomalous Dynamic Stall Results
Carta's test24 not only showed that Eq. (1) is not valid, it

also produced the peculiar results shown in Figs. 20 and 21.
Figure 20 reveals that the measured c/max was larger for the
plunging than for the pitching airfoil, contrary to the expected
difference due to moving wall effects. Figure 21 adds to the
confusion, showing that, instead of measuring the negative
damping (represented by the normalized work per cycle) at
stall obtained by Liiva,29 Carta24 obtained the same peculiar
results as Rainey had obtained earlier,30 i.e., the damping in the
stall region was positive and even exceeded the attached flow
damping. This "reversal" from the expected results has the
same origin as the Magnus lift reversal discussed earlier (Figs.
1-6). That is, it is caused by the moving wall effects on
boundary-layer transition with associated effects on the flow
separation. Carta's hot film response data24 (Fig. 22) show
what is happening. Comparing the results for pitch and plunge
one can see how the adverse moving wall effect z(t) promotes
transition and causes the plunging airfoil to have a longer run
of attached turbulent flow prior to stall. As a result, the flow
stays attached past 7.5% chord, whereas flow separation oc-
curs forward of 5% chord on the pitching airfoil, which has a
shorter turbulent run before stall due to the opposite (transi-
tion-delaying) moving wall effect.

The effect on the plunging lift loop and associated damping
of this coupling between airfoil motion and transition can be
visualized using the static data31 in Fig. 23. Instead of causing
the discontinuous lift loss to be caught, e.g., for Re =
0.66 x 106, the adverse "leading edge jet" effect on the plunging
downstroke has an effect equivalent to increasing the Reynolds
number, elevating the lift, for example, from that for
Re = 0.66 x 106 to Re'=. 1.34 x 106. This causes the area en-
closed by the plunging loop to be larger than that for attached
flow, where this unsteady viscous flow effect is absent, resulting
in the higher measured damping (represented by the normal-
ized work per cycle) at stall shown in Fig. 21.

Three-Dimensional Flow
As a slender body of revolution is pitched through the angle-

of-attack range from 0 to 90 deg, it experiences four distinct
flow patterns that reflect the diminishing influence of the axial

SEPARATED

I /\ /\'X\ J i / u-k^7 . x y . vv. . \^i
0 40 80 120 160 200 240 280 3X 360 460

TIME, M/SEC

a) Plunginq

TURBULENT

/ LAMINA

0 40 80 120 160 200 240 280 320 360 400
TIME, M/SEC

b) Pitching
Fig. 22 Hot film response for pitching and plunging oscillations at
<*0 == 15 deg, a = 5 deg, and G> = O.5.24

NACA 0012

Fig. 23 Effect of Reynolds number on the lift characteristics of the
NACA-0012 airfoil.31
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flow component32 (Fig. 24). At low angles of attack (0 < a <
VLSV\ the axial flow dominates, and the flow is attached, al-
though crossflow effects will generate a thick viscous layer on
the leeside. At intermediate angles of attack (<xsy < a < a^K),
the crossflow separates and rolls up into a symmetric vortex
pair. In the angle-of-attack range of steady asymmetric vortex
shedding (aAy < a < VLUV), the axial flow component is still
sufficiently large to produce steady vortices. However, the vor-
tices become asymmetric, producing a side force and yawing
moment even at zero sideslip. Finally, at very high angles of
attack (ttuy < a < 90 deg), the axial flow component has less
and less influence and the vortex shedding converts to the un-
steady type, starting on the aft body and progressing forward
to the nose with increasing angle of attack. That is, the leeside
flow resembles the two-dimensional wake of a circular cylinder
normal to the flow.

It is obvious from the discussion earlier of two-dimensional
flow separation and associated vortex shedding that one can
expect the moving wall effects to have a large influence also in
the high-a, three-dimensional flow case illustrated in Fig. 24.
Even a modest spin rate has a large effect on the developed side
force33-34 (Fig. 25). Test results for an ogive cylinder with a
spinning nose tip35 give a very vivid demonstration of how
powerful the moving wall effects can be (Fig. 26). At
a = 55 deg, the crossflow conditions on the nose tip were ap-
parently of the critical type shown in Figs. 4 and 6. Thus, even
an infinitesimally small spin rate will cause reversal of the flow
separation, and it is the direction rather than the rate of spin
that determines the vortex-induced side force. For a more di-
rect comparison of the three-dimensional flow case with the
two-dimensional one in Figs. 1-6, please refer to Fig. 20 of
Keener's flow visualization report.36 The data in Fig. 26 show
motion hysteresis effects similar to those measured by others.
The critical condition shown in Fig. 26 has also been realized
by an ogive-cylinder body in pitch-up motion,37 with associ-
ated large effects on the unsteady aerodynamics.38

The experimental results39 in Fig. 27 show that the three-
dimensional moving wall effects can also be powerful for
purely laminar flow conditions. The authors describe how only
a slight push was needed to establish the coning motion in one
direction or the other, regardless of the fact that the measured
static yawing moment was biased in one direction due to nose
microasymmetries.32'40'41 The cone-cylinder body reached ap-
proximately equal steady-state coning rates in positive and
negative rotation directions (Fig. 27). That is, the motion dom-
inated over the static asymmetry, locking-in the vortex asym-
metry in the direction of the body motion and driving it. In the
case of a coning motion, the moving wall effects act as follows
on the translating cross-section42 (Fig. 28). The lateral motion
of the circular cross section causes the flow separation to be
delayed on the advancing side and promoted on the retreating
side, the important moving wall effects being those generated
near the flow stagnation point, as was discussed earlier. Thus,

the motion produces a force that drives it until an equilibrium
coning rate is reached, where the separation-induced driving
moment is balanced by the drag-generated damping moment.
This occurs also in the case of coning at a = 90 deg, the flat-
spin case43 described in Ref. 44.

At critical flow conditions, the flat-spin motion controls
completely the flow separation asymmetry, as is illustrated by
the results45 in Fig. 29. This is not top surprising, as in the
free-to-spin case, which Fig. 29 simulates, the flat-spin rate
reaches magnitudes |Q/r5/2| > 1, i.e., at the tip the moving wall
velocity exceeds the freestream velocity43-44 (Fig. 30). Although

p»6 DEG/SEC -

CY o

180 360
ROLL ANGLE (DEG)

Fig. 25 Effect of roll angle and roll rate on vortex-induced side force on
a cone-cylinder.33

Spinning tip

*oo " °'6
a- 55*

CY RANGE,
PN -0^

-100- 80-60-40-20-101020 40 60 80 100

Fig. 26 Effect of spinning nose tip on vortex-induced side force.35
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Fig. 24 Effect of angle of attack on leeside flowfield. Fig. 27 Coning characteristics of a cone-cylinder.39
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the flat spin is initiated by a subcritical/critical separation
asymmetry with norisyriimetric spanwise distribution,44"46 the
very large moving wall effects cause a change to the critical/su-
percritical separation asymmetry illustrated in Fig. 31b before
the final, limiting spin rate is reached (the open vector in Fig.
31 designates the sectional side force).

During the. spin-up,, the critical/critical flow separation
asymmetry illustrated in Fig. 6b is established momentarily.
However, the corresponding side force reversal does not last
long enough to arrest the spin-up before the final separation
asymmetry (shown in Fig. 31 b) is established. Here the up-
stream moving wall effects on the retreating side have pro-
moted transition to occur upstream of the flow separation,
wiping out the laminar separation bubble. On the opposite,
advancing side, the downstream moving wall effects delay tran-
sition, thereby prolonging the existence of the laminar separa-
tion bubble. This supercritical/critical separation asymmetry
produces the maximum flat-spin rate (Fig. 30). The measured
circumferential pressure distributions45 in Fig. 29, obtained for
close to the maximum flat-spin rate, show this critical type flow
separation occurring at cp « 140 deg. At the limiting spin rate,
the driving moment, generated by the flow separation asymme-
try, is balanced by the damping moment, generated by the
cross-sectional drag. Using two-dimensional cross-sectional
characteristics one obtains44

Applying a three-dimensional flow correction by use of the
"aspect ratio" l/d gives44

(3)

The maximum separation-induced side force Ac,, is the verti-
cal displacement between the two Magnus lift branches on

Fig. 28 Coning-induced translational moving wall effects.

both sides of the discontinuity in Figs. 2 and 3. Using the
results in Fig. 4, one obtains the upper limit Ac/ w 0.6. The
corresponding drag measurements are shown in Fig. 32, giving
Cd « 0.6. Using these values, Eqs. (2) and (3) give the predic-
tions44 shown in Fig. 33. It can be seen that the experimental
results43 (Fig. 30) are bracketed by the predictions,44 with Eq.
(3) appearing to be the appropriate one to use for \/d ;< 3.

As in the case of the two-dimensional flow conditions,12 non-
circular cross sections also experience moving wall effects in
three-dimensional flow, as is demonstrated by the measured
forebody side force (forward of the rotation center) on a
square cross-section body in flat spin47 (Fig. 34). The angle
/?max is the maximum motion-induced local flow inci4ence on
the forebody (at the nose). As is discussed in Ref. 48, windward
side flow reattachment in a static test of a square cross section
will not occur until a > 10 deg. This contrasts with the value
/?max ~ 1-25 deg in Fig. 34, illustrating the power of the bene-
ficial, downstream moving wall effects to cause early reattach-
ment.

Moving Wall Effects on Transition
Experiments with a rotating circular cylinder, aligned axially

with the flow at a = 0, show that transition is promoted by
body spin49 (Fig. 35a). At angle of attack, the spin-induced
promotion of transition is amplified greatly on the side where
the spin-induced velocity opposes the a-induced crossflow
(180 deg < (p < 360 deg in Fig. 35b). Transition is delayed on
the opposite side, where wall velocity and crossflow act in the
same direction (0 <(p < 180 deg in Fig. 35b). That is, the same
type of upstream and downstream moving wall effects as in the
case of two-dimensional flow (Figs. 1-6) exist also in this
highly three-dimensional flow case, as is discussed more fully in
Ref. 50. Tests with an ogive-cylinder body at a = 0 and
a = 6 deg demonstrate how powerful the spin-induced transi-
tion-promotion can be51 (Fig. 36). At a = 6deg, Reynolds
number and upstream wall velocity need only be a fraction of
what they are at a = 0 to cause the earliest local transition to
occur at the same axial location.

rhim
\\f\_ 0 INCREASING Re
ip-' X DECREASING Re

3) l/d = 5 . 1 7

b) 1 /d =

' 't
! i '

Fig. 29 Measured pressure distributions on a circular cylinder in flat
spin.45

.25 .30 .35 ^.40 .45 .50 .55 .60 x 106

(RCcr>2D RC

c) 1/d = 3.03

Fig. 30 Effect of "aspect ratio" Ifd on flat-spin rate of a circular
cylinder.
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TRANSITION

Fig. 31 Moving wall effects on a translating circular cross section at
critical flow conditions.

CYF

CURVE Re«10"4

I 26
it 29.5
I 32.5

Fig. 32 Moving wall effects on cylinder drag in the critical flow region.2

1.5 ,_

5n
2
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0.5
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EQ. (2)

1 1/d .
Fig. 33 Comparison of predicted and measured maximum flat-spin
rate.44

The moving wall effects for spinning and coning bodies are
somewhat similar (Fig. 37). Instead of being constant, as in
the spinning case, on the coning body the moving wall vel-
ocity varies around the periphery. The maximum wall velocity,
£Vmax» occurs on top and bottom meridians, with only the
latter being of importance. The thick leeward side boundary
layer is completely dominated by viscous crossflow effects.50 At
supersonic speeds, the transition bulge will generate a side
force that drives the coning motion. It is discussed in Ref. 50
how this explains the behavior observed on slender reentry
vehicles,52 where the motion changes from the precessing pla-
nar to the coning type when transition starts occurring on the
windward side, where the full potential of the moving wall
effects can be realized.
Moving Wall Effects on Transition and Separation

At higher angles of attack, a > 30 deg, the moving wall
effects on transition are very much the same as in two-dimen-

-15 -10 10 15

Fig. 34 Subcritical side force characteristics of a square cross section
forebody in flat spin.47
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0 90 180 270 360
AZIMUTHAL ANGLE (d«gr««s)b) a = 3 deg

Fig. 35 Effect of spin rate on low-speed transition on a circular cylinder
shell.49

a) a = 0, 0.825, /&?! = 0.814 X 106

b) a = 6 deg, UW/UX = 0.169, Rel = 0.315 X 106

Fig. 36 Smoke flow visualization of transition on a spinning ogive-
cylinder at low speeds.51
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sional flow.32'40'41 This provides a simple explanation53 of the
wing rock observed for a rather innocent-looking wing-body
configuration54 (Fig. 38). The Reynolds number of the test,
Re «0.3 x 106, is in the critical region (see Fig. 4), providing
the following scenario53 (Fig. 39). At t = tl the upstream mov-
ing wall effect causes boundary layer transition to occur in the
forebody crossflow before separation occurs. This changes the
portside flow separation from the subcritical towards the
supercritical type. In absence of time lag effects, the vortex
geometry sketched at t = tl9 would result. Due to time lag
effects, similar to those present in the case of slender wing
rock,55 this vortex geometry (only the lower vortex is shown as
only it will induce significant loads on the wing-body) is not
realized until t = tl + Af. At t = t3, when the roll rate reaches
its maximum in the opposite direction, another forebody
switch of separation asymmetry occurs. Because of the time lag
effect,55 the vortex geometry at the now horizontal wing has
not changed, but will be of the type shown for t = tl + Af, in
agreement with the vortex behavior observed through smoke
flow visualization.54

Transition Trinsition

a. Spinning body

Transition

4 U« sin a

b. Coninq body

Fig. 37 Conceptual moving wall effects on transition for a slender body
in spinning or coning motion.50

40r-
0 = 30°

t,
deg

8 10 12 14 16 18 20
Time sec

Fig. 38 Wing rock build-up at a = 30 deg.54

Similar moving wall effects on transition can explain the
oscillatory coning behavior observed experimentally for a
cone-cylinder body flying backwards39 (Fig. 40). The mirror
symmetry of the limiting coning rates is very similar to that
obtained for the regular nose-forward orientation (Fig. 27).
However, in this case no exterior push was needed to change
the coning direction. The measured acceleration and coning
rates are shown in Fig. 41. It can be seen that, when a certain
limiting coning rate is reached, the acceleration suddenly
switches sign. The fluid mechanical process can be described as
follows,42 with the aid of the inserted flow sketches. Initially,
flow asymmetry or minute surface irregularities set the separa-
tion asymmetry, initiating the coning motion. The coning-
induced moving wall effects delay the laminar separation on
the advancing side, resulting in positive coning velocity and
spin acceleration (\j/ and $ > 0). However, the adverse up-
stream moving wall effect eventually causes boundary layer
transition on the retreating side, the effect being very similar to
the one observed for the rotating cylinder2 (Fig. 2). This re-
verses the separation asymmetry and the coning motion starts
to decelerate (iff > 0, ^ < 0). Eventually, this results in acceler-
ated coning in the opposite direction (iff and \]/ < 0). The coning
reversal moves transition back into the wake on the new ad-
vancing side, and asymmetric laminar separation is reestab-
lished. Eventually, transition occurs on the retreating side to
cause critical/subcritical separation asymmetry, reversing the
vortex asymmetry and decelerating the coning motion (iff < 0,

t = t2

Fig. 39 Conceptual flow mechanism for wing-body rock.53

». 40 Coning rates of cone-cylinder at a > 90 deg.3
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$ > 0). The process continually repeats itself, resulting in a
self-reversing coning motion.

Apparently, the test Reynolds number was not high enough
to establish the necessary high laminar flow conditions on the
conic nose39 (Fig. 27). One can see, however, how with increas-
ing Reynolds number the successive establishment on the nose
of the flow conditions illustrated in Figs. 2, 4, and 3, respec-
tively, is possible, generating variations of the self-reversing
coning conditions illustrated in Figs. 39 and 40. Thus, for an
aircraft or missile in free flight, one can foresee a strong cou-
pling between wing rock and coning. As the vortex strength
(and flow separation extent) will depend strongly upon the
angle of attack, one can indeed expect a strong coupling to
exist between the three angular degrees of freedom, as has been
pointed out by Orlik-Ruckemann.56

< o, * > o

In view of the strong interplay between Reynolds number
and moving wall effects just demonstrated, Champigny's exper-
imental results57 (Fig. 42) give cause for the concerns expressed
in Refs. 32, 38, and 42 that in full scale flight a vehicle maneu-
ver could lock-in the single cell flow separation asymmetry
along the full length of a missile or aircraft forebody.

Moving Separation Point Effect: An Apparent Moving Wall Effect
In unsteady flow separation, the upstream movement of the

separation point has an effect equivalent to that of a down-
stream moving wall, as has been pointed out by Moore.58 In
Ref. 22, the experimental results for a rotating circular cylin-
der, obtained by Moore's associates Brady and Ludwig,59 are
used to estimate the effect of the moving separation point on
dynamic airfoil stall (Fig. 43). When the separation point starts
to move upstream, the boundary layer, starting to separate,
"sees" a downstream moving wall (Fig. 43b), and flow separa-
tion is delayed. The corresponding phase lag for the airfoil is

where
(4)

(5)

Using the rotating cylinder data obtained by Brady and Lud-
wig (Fig. 43a), who used a shroud over the cylinder top to
impose an airfoil-like pressure distribution, one obtains the
value £sp = 3.0 for laminar flow, and £sp — 0.75 for turbulent
flow, with £5 = xjc assuming c « r.

The shedding or "spilling",20 of the leading edge stall vortex
is delayed by this phase lag A$jp. When one adds the phase lag
occurring before the spilled vortex has traveled across the air-
foil,20 one can predict the interesting phenomenon of lift stall
inhibition observed in dynamic experiments.60

When the forward movement of the separation point stops,
the vortex shedding process starts. According to Carta's mea-
surements for a NACA-0012 airfoil,61 the vortex shedding has
an initial growing phase, during which it moves downstream
very slowly. The corresponding phase lag is

(6)
where

;0.90

Fig. 41 Acceleration-rate time history for a flat-faced circular cylinder
coning at a = 50 deg.32

In view of the overwhelming evidence of the power of the
moving wall effects, it is reassuring to find that theoreticians
are now beginning to recognize this phenomenon.62'63

a) Rotating cylinder

Fig. 42 Side force distribution at a = 50 deg on an ogive-cylinder
through the critical Reynolds number range.57

b) Circular arc airfoil

Fig. 43 Moving separation point—moving wall analogy.2:
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Conclusions
A selective review of the existing experimental evidence of

moving wall effects on unsteady aerodynamic characteristics
leads to the following conclusions:

1) The moving wall effect is present both in two-dimen-
sional and three-dimensional flows.

2) Its effect on the separation of purely laminar or turbulent
boundary layers is rather straightforward.

3) Its effect on boundary layer transition can influence the
unsteady aerodynamics significantly even in absence of flow
separation.

4) When the moving wall effect influences flow separation
via the boundary layer transition mechanism, not only is the
total moving wall effect much more complicated, but, as a rule,
it also has a much larger influence on the unsteady aerodynam-
ics than in the case of purely laminar or turbulent boundary
layer separation.

5) In most full scale flight cases, one will have to deal with
this more complex form of the moving wall effect.
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