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Moving Wall Effects Causing Fluidelastic Instability

Lars E. Ericsson*
Mt. View, California 94040

In a marine application a two-cylinder con� guration was used that created a bistable jet in the gap
between the two cylinders. A literature search was performed to gain an understanding of the unsteady
� uid dynamics leading to the observed violent structural response to this � ow phenomenon. As no sat-
isfactory explanation could be found in the available literature, a study was performed. It showed that
such � uidelastic instability could result from the coupling between � ow separation and the motion of the
tandem ­ cylinder con� guration generated by moving-wall effects.

Fig. 1 Geometry and de� ection mode shape of antenna mast un-
derwater.8

Nomenclature
AL = in-line oscillation amplitude
AT = transverse oscillation amplitude
c = reference length, airfoil chord, or cross-sectional depth
D = cylinder diameter
D9 = sectional drag, coef� cient cd = 2D9/(r U /2)c` `

f = frequency
fo = natural frequency of oscillating body
fp = frequency of pressure oscillations
fv = frequency of von Kàrmàn vortex shedding
fvo = fv for stationary � ow conditions
g = transverse gap, Fig. 4
h = cross-sectional height
L = longitudinal spacing
l9 = sectional lift, coef� cient cl = l9/ c; c̄l(t) = time2(r U /2)` `

average
M9 = sectional pitching moment, coef� cient

cm = M9/ 2 2(r U /2)c` `

p = cylinder rotation rate
Re = Reynolds number, U`c/n`

r = cross-sectional corner radius
Sr = Strouhal number, f h/U`

T = transverse spacing
U = velocity
V̄ = reduced velocity, Sr 2 1

z = translatory coordinate
a = angle of attack
a0 = mean angle of attack
D = amplitude or increment
u = perturbation in pitch
n = kinematic viscosity
r` = air density
§ = azimuthal angle from � ow stagnation point
v = angular frequency, 2p f
v̄ = dimensionless frequency, vc/U`

Subscripts
LE = leading edge
W = wall
` = freestream conditions
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Introduction

T HE in� uence of moving-wall effects on the unsteady aero-
dynamics of aerospace vehicles has only recently begun

to be recognized by theoreticians,1­ 3 although it was demon-
strated in the case of dynamic stall many years ago4 and has
since been found to be omnipresent both in two- and three-
dimensional � ows.5 This paper illustrates how powerful the
moving-wall effect can also be in hydrodynamic � ow prob-
lems, a possibility that appears to have been overlooked in the
case of � uid ­ structure interaction in heat exchangers,6 for ex-
ample, although Zdravkovich7 has pointed out the likely im-
portance of such an effect.

The marine structure considered is a long, cantilevered an-
tenna mast used to collect � ight performance data from sub-
marine-launched missiles. Such a temporary mast is neither
retractible nor is it designed to the same rigorous speci� cations
as the rest of the submarine. From drag considerations a pro-
� led cross-sectional shape was originally selected (Fig. 1).
However, an analysis8 showed that the � ow separation occur-
ring on such nonslender cross sections leads to dynamic sta-
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Fig. 2 Recommended antenna cross sections8: a) distribution for
sea state 5 at U` = 16 kn and b) new design cross sections.

Fig. 3 Antenna with side-by-side cylinder geometry.

Fig. 4 In-line and transverse responses of side-by-side cylin-
ders.10

bility problems similar to those of galloping cables discussed
in Ref. 9. The engineering solution in this case was to use a
modi� ed pro� led cross section on the lower part of the mast
and a circular cross section on the upper portion8 (Fig. 2).
Later, a parallel, short-length cylinder was added to the main
circular­ cylinder­ structure with brackets that kept the gap
constant (Fig. 3). This modi� cation was made to improve the
antenna ef� ciency when the submarine had surfaced to collect
� ight data. Although short, the added circular cylinder created
� ow characteristics well represented by the two-dimensional
cross� ow situation depicted in Fig. 3. As the gap between the
cylinders was in the bistable range,10 one had to determine how
the structural integrity of the original cylindrical structure, dis-
cussed in Ref. 8, was affected by the � uidelastic instability
mechanism associated with the geometry in Fig. 3.

Analysis
In regard to the dramatic response measured on two closely

spaced (T/D = 1.125) circular cylinders at V̄ > 45 (V̄ = Sr 2 1),10

shown in Fig. 4, the present author read with interest Savkar’s
comments11 that in the presence of a bistable jet, the response
is dominated by motion-dependent effects, and that the quasi-
steady mechanism suggested in Ref. 12 is unrealistic because
it neglects � uid ­ motion coupling effects. This all supported
the present author’s belief that the dramatic response shown in
Fig. 3 had been caused by moving-wall effects.

When the gap is less than one diameter (1.1 < T/D < 2), the
� ow between two side-by-side cylinders consists of a bistable
jet that � ips from one side to the other13 (Fig. 5). Figure 6 is
a schematic representation of the � ow characteristics. The fact
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Fig. 5 Characteristics of bistable jet generated by side-by-side
cylinders.13

Fig. 6 Moving-wall effects on side-by-side cylinder con� gura-
tion.

Fig. 7 Types of � uidelastic response.14

that the measurements13 (Fig. 5) gave a lift coef� cient of the
opposite sign to that predicted by potential theory can be ex-
plained by viscous � ow effects.

The possible sources for � uidelastic response are schemati-
cally represented14 in Fig. 7. Of particular concern is the self-
excited type of response causing � uidelastic instability because
of negative � uid dynamic damping. This type of cross� ow
response was exhibited by the tube array shown in Fig. 8. The

authors conclude that although the frequency coalescence at U
’ 0.12 m/s ‘‘is suggestive of classical � utter’’ . . . ‘‘it is found
that the instability is of the one degree-of-freedom negative-
damping type, i.e., where the � ow-induced negative damping
overcomes the mechanical damping.’’14 The question not an-
swered in Ref. 14 is ‘‘What is the � uid mechanical mechanism
causing the � uidelastic instability?’’ It will be shown in what
follows that the instability was probably caused by viscous
moving-wall effects.5

Moving-Wall Effects
In the present case the � ow conditions of concern will be

laminar, and the classic example of moving wall effects, i.e.,
the Magnus lift generated on a rotating circular cylinder15 (Fig.
9), applies. The positive Magnus lift is generated by the wall-
jet-like downstream moving-wall effect on the top side, which
� lls out the laminar boundary-layer velocity pro� le, thereby
delaying � ow separation. Another lift contribution is obtained
from the bottom side where the adverse upstream moving-wall
effect promotes separation. As the wall-jet-like moving-wall
effect is largely (to 90%) limited to the � ow stagnation region
( u§ u < 20 deg), where the boundary layer is thin, it is very
similar for translational and rotational body motions. That fact
was used in Ref. 16 to explain experimental results,17,18 show-
ing that the resonant response to von Kàrmàn vortex shedding
is only a fraction of the maximum response (Fig. 10). In this
case, it was a coalescence of the responses to � ow periodicity
and � uidelastic instability in Fig. 7, where the moving wall
effects caused lock-on of the von Kàrmàn vortex shedding. In
the present case, the frequency of the marine structure was not
within the range of lock-on, and only the pure case of � uid-
elastic instability had to be considered.

Figure 6 is a schematic representation of the side-by-side
cylinder � ow characteristics. The fact that measurements13

(Fig. 5) gave a lift coef� cient of opposite sign to that predicted
by potential theory can be explained as follows (see inset � ow
sketch in Fig. 5): The � ow over the outer (nongap) half of the
cylinder is aided by the high-velocity gap jet to turn farther
around the cylinder before separating than it would without
the gap. This results in the measured drag reduction shown for
g/D < 1 in Fig. 5. The high-velocity jet in the gap will separate
earlier, producing the measured (repelling) lift force. For the
gap jet in position b, the jet is closer to the external cylinder
� ow and can aid it to turn farther before separating than when
the jet is farther away, position a in Fig. 5. Consequently, the
generated lift is higher for the gap jet in position b than for it
in position a.

Adapting these results to the current case, where the two
cylinders are rigidly connected to each other, one obtains the
situation in Fig. 6. The larger lift force generated for the top
cylinder produces an upward movement of the two cylinders.
The resulting moving-wall effect will delay � ow separation on
the outer side of the top cylinder and promote separation on
the outer side of the bottom cylinder, as indicated by the
dashed streamlines in Fig. 6. As a consequence, the net dif-
ferential lift between the two cylinders is increased, producing
a force that drives the lateral motion. That is, the generated
� uid dynamic damping is negative. The resulting translatory
oscillation may be unbonded, as in Fig. 4 for V̄ > 45, or
bounded as in Fig. 8, it all depends upon the degree of non-
linearity present in the � uid dynamic and structural character-
istics.

Referring back to Fig. 5, one can see that there is also a
differential drag between the two cylinders. That is, a torsional
oscillation will also occur. However, this is an in-line motion
rather than a cross� ow motion and, therefore, does not produce
a strong coupling with the � ow separation, as illustrated by
the comparison of in-� ow and cross� ow responses in Fig. 8.

Up to this point only two-dimensional � ow results have been
considered. According to Zdravkovich’s experimental results,19

three-dimensional � ow effects do not produce the expected
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Fig. 8 Fluidelastic response of four-cylinder array.14

Fig. 9 Magnus lift of circular cylinder for laminar � ow condi-
tions.15

Fig. 10 Response of circular cylinder to von Kàrmàn vortex
shedding.17

attenuation. In describing the measured response in Fig. 4,
Zdravkovich10 reveals that the two cylinders had the same drag
and a stable bleed � ow through the gap for V̄ < 45, whereas
at V̄ $ 45 ‘‘the irregular displacement of the tubes brings them
into the region of the biased-gap-� ow with narrow and wide
wakes and different drag forces.’’ The simultaneous occurrence
of large lateral forces was apparently a new experience, and
Zdravkovich10 concludes that ‘‘A far more exhaustive set of
experiments would have to be undertaken before any de� nitive
conclusions could be drawn about the � uidelastic oscillations
of two circular cylinders.’’ Savkar11 concluded that the tube
response in the case of small gaps (i.e., those creating the
bistable jet) is dominated by motion-dependent effects rather
than being vortex excited.

This multi-degree of freedom is one difference between the
two-cylinder arrangement in Ref. 10 (Fig. 4) and the present
arrangement (Fig. 3). It could possibly explain ‘‘the irregular
displacement’’ behavior at V̄ < 45, described by Zdravko-
vich,10 creating the requirement that a threshold amplitude had
to be exceeded before the response shown in Fig. 4 could
result. Such a requirement exists also for the synchronized type

of single-cylinder response to von Kàrmàn vortex shedding.16

Another possible reason for the requirement of V̄ > 45 for the
large-amplitude response is the fact that the tests were made
in air, and the presence of mechanical damping (log decrement
was 0.07) in the test could have a large in� uence, as Zdrav-
kovich10 acknowledges in his conclusions: ‘‘. . . the magnitude
of Scruton number affects the threshold of instability and max-
imum amplitude of both in-plane and out-of-plane excita-
tions.’’

In the present case, where the � uid is water, the effect of
mechanical damping is completely insigni� cant, and one
would expect the threshold of instability to be substantially
lower. That is, the critical value of V̄ would be substantially
lower than V̄ = 45. Probably of more importance is the fact
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Fig. 13 Effect of c/h on galloping instability.9

Fig. 14 Effect of r/c on the lift of a c/h = 1.5 rectangular section
at Re = 0.3 3 106 (Ref. 22).

Fig. 12 Aerodynamic characteristics of a c/h = 2 rectangular sec-
tion.20

Fig. 11 Engineering solution to the problem of dynamic � uid-
elastic instability.

that in the present case there is no degree of freedom that will
change the size and shape of the gap. Thus, one would expect
that a threshold amplitude of the type existing for the single
cylinder,16 exists also for the tandem cylinder geometry. This
is in agreement with the experimental results in Fig. 4.

It should be pointed out that the translatory oscillations in
Fig. 4, for L/D = 0 and T/D = 1.125, have to be in the same
direction for the two tubes, as they would touch each other for
2AT/D > 0.25, if the oscillations were in opposite directions.
The simultaneous large in-line amplitude 2 AL/D indicates that
the two tubes performed parallel oscillations. That is, the two
individual degrees of freedom only affected the initial behavior
until the threshold amplitude had been exceeded, as was dis-
cussed earlier. Once this had happened, the two tubes in Fig.
4 behaved almost as if they were rigidly connected, as in the
present case of interest (Fig. 3).

Engineering Fix
Obviously, the gap generating the bistable jet had to be elim-

inated (see Fig. 4). This was done very simply, as shown in
Fig. 11. However, the elimination of the catastrophic structural
response at a = 90 deg in this manner could possibly introduce
an equally troublesome � uidelastic response of the galloping
type,9 at low angles of attack. A rectangular cross section with
chord-to-height ratio c/h = 2 generates negative lift for a < 10
deg (Ref. 20 and Fig. 12). As a consequence, self-excited, so-
called galloping oscillations result9,21 (Fig. 13). Note that the
experiments21 did not show any galloping instability for c/h <
0.6. Figure 11 gives the ratio c/h < 0.5 for a = 90 deg. As the
effect of corner roundness is to decrease the negative lift gen-
eration and associated self-excited galloping oscillations22 (Fig.
14), one does not expect any � uidelastic instability to occur at
a = 90 deg for the cross section in Fig. 11.

The high angle of attack, a = 90 deg, occurs during testing.
However, when going to and from a testing appointment, the
minimum angle of attack of the marine structure in Fig. 11
could be as low as 15 deg. Figure 14 shows that the lift slope
will be positive for c/h = 1.5, when a > 5 deg. This will
certainly also be true for the cross section in Fig. 11, where c/
h > 1.5 and the corner radius is larger than in Fig. 14. Figure
12 shows that the negative cm associated with windward sep-
arated � ow exists for a < 10 deg. It is shown in Ref. 9 that,

because of time-lag effects, cm < 0 corresponds to undamping
in torsion. As a > 10 deg was assured, this torsional � uid-
elastic instability could never materialize. Consequently, the
simple modi� cation shown in Fig. 11 eliminated the problem
of excessive � uidelastic response in bending and/or torsion.

Conclusions
In a certain marine application, two cylindrical structures

were placed side-by-side, generating � uidelastic instability that
resulted in translatory (bending) oscillations that could reach
amplitudes of unacceptable magnitude. An analysis showed
that the oscillations were caused by � uidelastic dynamic insta-
bility generated by viscous moving-wall effects. Eliminating
the gap between the cylinders by the use of a � at plate elim-
inated the hydroelastic stability problem.
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