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a b s t r a c t

This article attempts to highlight characteristics of the aerodynamic forcing on a rigid circular cylinder
experiencing dry galloping vibrations. Observations from a series of wind tunnel tests are studied
comparatively with the literature on rain–wind cable vibrations and on flow past inclined lifting bodies
such as missiles, for drawing similarities. Unsteadiness and spatial variation of the flow, both previously
undermined, are significant during the large cylinder motions recorded. Thus, they are here suspected
to play a role in triggering unstable behaviour. Instabilities were restricted to specific ranges of cable-
wind angles and Reynolds numbers. The transitional features identified refute the view of simple bursting
separation bubbles that rhythmically produce lift and suggest that there is a multitude of paths for
energetically feeding dry galloping. Finally explanations are provided and a mechanism incorporating
unstable features is proposed for future modelling.

Crown Copyright© 2014 Published by Elsevier Masson SAS.
This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Large vibrations of bridge cable stays have recently attracted
much interest. Specifically the so-called rain–wind-induced vibra-
tions [1,2], which are very often observed on inclined cables, have
become a matter of controversy. Different approaches have been
proposed for explaining the complex fluid–structure interaction
that emerges when rivulets develop on the cable surface due to
rain. Modelling the rivulet formation and propagation has been a
key element for understanding unwanted cable motions. Actually,
twomain branches have developed for the explanation of the phe-
nomenon; the one assumes that the appearance of a still rivulet, if
appropriately positioned, is adequate to transform the circular pro-
file into an unstable section, as in Den Hartog galloping (e.g. [3]).
The other suggests that it is primarily the motion of the formed
rivulet that is central in developing large response [4,5]. The role
of influencing parameters such as the rainfall intensity, the cable
inclination angle and roughness and the motion frequencies have
been extensively studied and there is confidence in the knowledge
of the combination of these contributions leading to dynamic in-
stability.

However, lately there is additionally growing concern over ex-
cessive vibrations of inclined cables that occur under dry con-
ditions, exclusively due to wind, and their understanding seems
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more elusive. These so-called dry galloping events are believed to
share common features with their rain–wind counterparts. Mat-
sumoto et al. [3] first expressed the view that the functioning
mechanism is the same for dry or rainy conditions, with rivulets
contributing only as an amplification factor. Further similarities
were discussed by Macdonald and Larose [6]. A dedicated study
that attempted to address similarities between the two phenom-
ena [7] was confined to static models and the comparisonwas lim-
ited to the assessment of the static lift that can be produced in
different dry configurations. As a matter of fact the exciting force
during dry galloping motion, which could be central to a better
understanding, has rarely been recorded and analysed [8,9]. This
paper describes a series of large-scalewind tunnel testswhich cap-
ture subtle forcing details of the dry galloping phenomenon. The
objective is to present previously unknown characteristics regard-
ing the unsteadiness of the aeroelastic loading. The well known
case of an inclined cylinder with an ogive or conical nose, as in
missiles [10,11] provide this work with a very relevant precedent.
Further connections are sought with rain–wind [4,12,5] and other
flow-induced vibration phenomena [13,14], where unsteadiness
also seems important.

2. Wind tunnel tests’ background

For the purpose of this experimental work an inclined rigid
circular cable model replicating the parameters of a real bridge
cable stay (e.g. cable diameter d = 160mm, high density polyethy-
lene smooth finish) was tested in the 6 m× 3 m open circuit wind
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Fig. 1. Elevation of cable model.
tunnel at the National Research Council Canada (NRC). Typical free
stream turbulence levels of thewind tunnel are of the order of 0.5%.
A detailed illustration of the setup is provided in Fig. 1. More infor-
mation about the testing was previously given in [8,9]. In short it
should be noted that the model could oscillate in two perpendic-
ular planes (denoted sway and heave; see Fig. 1 for the direction
convention) and was equipped with pressure measuring taps, ar-
ranged at four discrete cross-sections (termed rings) and two axial
21d-long lines running along the lee side of the cylinder at 1d spac-
ings. The support springs could be rotated in order to give differ-
ent relative orientations of the wind and principal structural axes,
considering that the stiffnesses in the two spring planes were not
identical (different tuning scenarioswere tested but in all cases the
frequencieswere close to 1.4Hz). Themodel could also be locked in
place, so as to quantify loads on the stationary cylinder and hence
infer the motion-induced aerodynamic effect.

The wind speeds (U ≈ 10–40 m/s) were selected to span the
expected critical Reynolds number range (Re ≈ [1 − 4.5] × 105 ;
calculated based on the total mean wind speed vector) and pro-
duced large dynamic responses in a number of cases. Interestingly,
although a few different inclination and orientation angles were
tested (ϕ = [60°, 77°, 90°], α = [0°, 30°, 55°] respectively; both
as in Fig. 1), only cables inclined at an angle of 60° to the wind ex-
hibited large responses, mainly across-wind. The largest recorded
amplitude was 0.75d, although this was limited by the support ar-
rangement. Vertical or near vertical configurations of the cable (i.e.
ϕ = 90°) showed only limited response, while the measured lift
and drag forces (for their direction definition see Fig. 1) on the
individual pressure rings experienced large sudden jumps, con-
nected with abrupt transitions between different flow states [8].
Specifically, the transition between seemingly subcritical and crit-
ical states was observed to occur intermittently on each side of the
stationary cylinder even under steady flow conditions. This could
be an indication that in these tests there was no strong bias of the
flow to give asymmetric lift in one direction or the other. In other
similar studiesMatteoni and Georgakis [15] and Flamand and Bou-
jard [7] have observed that local lift and drag coefficients were
very sensitive to even minute surface alterations, yet it was not
possible to determine their global effect along the length. Lam-
ont [11], while testing static ogive-nosed circular cylinders, cap-
tured a Reynolds number dependent roll effect (i.e. influence of
the orientation α) on force coefficients very consistently. Still, he
ascribed this to the asymmetry introduced by the ogive tip, dis-
regarding any possible imperfection of the rest of the nominally
axisymmetric cylindrical body.

3. Flow features and excitation mechanism

This section focuses on the pressure distributions that were
acquired during large response records. The force evolution is
mapped onto an average oscillation cycle and characteristics of
the underlying mechanism of the dynamic instability are drawn
out. An analytical description of the aeroelastic loading exerted
on a cable undergoing dry-galloping vibrations was previously
provided through a generalised quasi-steady framework [16,17]
encompassing both 3D geometry and Reynolds number effects. In
this analysis, valid for small amplitude vibrations the aeroelastic
forces are equivalent to pure (negative) viscous damping forces
that can possibly overcome the structural damping. However,
this straight-forward approach has its limitations and has not
been validated. As a matter of fact in other galloping-like
phenomena [13,14] a stiffness contribution of the aeroelastic
loadingwas found similarly decisive. The energy input during each
vibration cycle is given by integrating over time the product of
applied force along the motion direction with velocity. Thus for
the current steady-state dry galloping records,with predominantly
across-wind character, the local energy input can be assessed by
the integral of instantaneous lift on each ring with its velocity.
Fig. 2 provides such estimates and clearly indicates that different
cable cross-sections contribute different energy inputs to the
excitation mechanism, while the energy input over time function
remains very linear at all times. Specifically, Ring 3 contributes
the most, while Ring 4 extracts energy from the cable (i.e. it acts
to damp the response). This finding should not be confused with
the observation byMatsumoto et al. [18] of excessive aerodynamic
forces on cables being confined to the near-end locations. Ring 3 is
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Fig. 2. Scaled energy input during large steady amplitude response (q =
1
2ρU2 ,

whereρ is the air density). Subsequent analysis if not otherwise stated always refers
to the grey shaded time interval (i.e. mean cycle interval).

situated centrally and moreover the energy distribution presented
in Fig. 2 was specific to the record examined. Other cases
(e.g. different wind turbulence, wind speeds or cable angles)
produced different results (e.g. Ring 3 damping response and Ring
4 exciting response). These results indicate the complex 3D nature
of the flow behaviour and its high sensitivity to the test parameters
(Reynolds number, cable inclination angle, etc.). The findings are
in line with what was witnessed also by Lamont [11] on an
inclined ogive-nosed cylinder. Such bodies exhibit through a wide
range of Reynolds numbers high lift values (i.e. force out of the
wind–cylinder plane), with a well defined distribution over their
length. In transitional regimes though, the regular distribution
breaks down with non repeatable lifting patterns emerging.

The actual evolution of the aerodynamic force with motion is
further considered. For this purpose a mean cycle is extracted for
Ring 3, corresponding to the time interval 60–100 s in Fig. 2. The
following discussion and figures, unless otherwise stated, refer
to this specific period. Fig. 3 shows the phase-averaged lift force
(dashed red line) over the averaged vibration cycle (black lines).
Overlayed on these, are polar plots of the pressure coefficient
(Cp) distributions, both phase-averaged over the cycle (lines over
shaded areas) and averaged over the whole time period (grey
dots). Scale-wise the radius of the drawn circles correspond to
Cp = 1. Evidently the averaged lift force shows clear periodic
behaviour related to the motion, but it appears not to be in phase
with the velocity. The specific waveforms of the two variables are
not identical and the additional higher frequency forcing inputs
do not entirely average out. Interestingly the phase lag of the lift
with respect to the velocity varies over the cycle. Instants of zero
velocity are designated in the figure and the relevant time delays
τ1 and τ2 to instants of zero lift are evaluated at 1/12 and 1/36 of
the vibration period T respectively. Indicatively the characteristic
time associated with vortex-shedding t = d/StU , where St is
the Strouhal number, could range from T/28 to T/65 depending
on the value considered for St (0.2 to 0.48, [19]). For the studied
record (i.e. Re = 3.34 × 105, U = 31.5 m/s) no trace of vortex
shedding could be identified. All these features are posing a hurdle
for linearised quasi-steady theory, which can only perceive forces
as linear products of the motion velocity not allowing naturally for
time lags.

Comparing pressure distributions from specific points in the
vibration cycle with the overall mean, it is seen that two distinct
mechanisms are operating on the different sides of the cylinder.
The bottom part presents what seems to be a periodic motion
around the cylinder circumference and a change in length of a
laminar separation bubble. The quoted separation bubble can be
distinguished by the relative flat region that immediately precedes
thepressure recovery to the base pressure levels. In Fig. 3 indicative
signs were given at 100° from the stagnation point to ease the
bubble motion tracking. On the other hand the top seems to
alternate between a subcritical-like state (i.e. weak suction on the
across-wind pressure taps) to a critical one. However, both parts
simultaneously contribute to the forcing throughout the oscillation
cycle. Qualitatively the mechanism seems similar to what was put
forward for rain–wind vibrations by Verwiebe [4] and Cosentino
et al. [5]. According to Verwiebe a single underside rivulet can
instigate large motion by causing an early underside separation
and thus lift during upward movement. The resulting elliptical
motion skews its top part windwards due to the concurrent drag
force reduction that follows the lift appearance. This was not
the only elliptical behaviour in our tests where also opposite
skewness was found depending on test conditions. For Verwiebe’s
asymmetric excitationmechanism forcing occurs for a limited (and
well located time-wise) duration of the vibration cycle, contrary to
what is seen in Fig. 3.

The agreement with the Cosentino et al. explanation is more
profound. The forcing waveforms are similarly distorted and even
the lift-velocity time lag distribution, varying over the vibrationpe-
riod, is much alike. Yet on the other hand this realisation neces-
sitates for a single-sided asymmetry to develop and as was found
herein the asymmetrywas not necessary for the occurrence of dry-
galloping. Cases existed where both cylinder sides were extracting
energy from the wind through identical mechanisms. These were
mostly cases of two laminar separation bubbles moving as in the
bottom cylinder side in Fig. 3, with the main adverse forcing origi-
nating from the apparent change in length of each separation bub-
ble. Thus a critical transition and the intermittent formation of a
separation bubble is not a necessary condition for instability aswas
previously thought.

The lift force was further examined to consider the forcing con-
tributions from individual cycles (almost 60 in total). As seen in
Fig. 4(a), there is large variation of the forcing over each cycle (black
lines) and there are large fluctuations in the forceswith time.When
their ensemble is considered the result is Fig. 3, and it could be
construed that the actual mean effect of the lift force is produced
by the local unsteadiness (i.e. jumps). Considering randomly one
individual cycle from the ensemble in Fig. 4(b) it is seen that lift
coefficient jumps apparently randomly. Yet considering all cycles
generally, the largest steps are located close to shortly after T/4
and 3T/4 where the velocity (and the dynamic lift component)
changes sign. Such intermittent characteristics seem traceable only
possibly through some integrate and fire type model. It is impor-
tant to note that the time-mean behaviour is much more smooth,
setting questions on the statistical interrelations (i.e. cooperation)
of jumps between succeeding cycles. Actually the very linear shape
over time of the energy input in Fig. 2 is a good indication of the
smoothness of the time-mean behaviour.

The energy inputs in Fig. 2 however, are very different implying
that the smoothness discussed greatly varies locally between the
different rings. Evaluating the average phase lag between lift and
displacement over each oscillation cycle for all rings though shows
reasonable consistency over three rings. The results are shown in
Fig. 5 and strikingly the phase lags for Rings 1–3 are all consistently
around a value of 60°. Positive values for the phase lag add energy
to the vibration, while negative values extract energy. Ring 4,
which acts to damp the motion seems to mainly jump between
values around 60°, 0° and −60°, which could be representative of
different states for the dry gallopingmotion. Comparing the results
for the four rings, it is notable that the more consistent phase lag
(Fig. 5), the greater the mean rate of energy input (Fig. 2).

Considering the spatial distribution of pressures further, data
from the axial pressure taps, located at 100° and 150° behind
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Fig. 3. Averaged sectional aerodynamic forcing through a steady large motion cycle (Ring 3). Indicators are given near the separation point at the underside to track its
motion. The time period used corresponds to the shaded area (mean cycle interval) in Fig. 2.
a b

Fig. 4. Lift coefficient for the case illustrated in Fig. 3; (a) Ensemble of the lift variations for each cycle along with their mean, (b) lift variation in one randomly picked cycle
alongside the mean of the ensemble.
the stagnation line (Fig. 1), were used to identify the mean
pressure profile during oscillation. This is illustrated in Fig. 6. Such
information for dynamic models in the transitional Re range is
not available in the literature. The relative positions of the two
pressure tap lines allow some assessments regarding the state of
the flow on the relevant side of the cylinder. At large negative value
for pressure coefficients (around −1.5) on taps at 100° from the
stagnation point indicate a leeward shift of the separation point,
which simplistically implies reattachment of the flow and eventual
turbulent separation downstream. Pressure coefficients at 150°
from the stagnation point are expected to coincide with the base
pressure value, lying distant from the relevant 100° values. The
small negative values (around −0.3) along the whole length are
a sign that the flow is supercritical, if not necessary on this side
of the cylinder definitely on the other. The 100° row pressure taps
17–21 seem to indicate a subcritical state on this side. Along the
rest of the length there appears to be fairly regular spacing between
positions where transition is not completed and others where it is.
Thus it appears that cells may have formed with a characteristic
length around 6d, with variable separation lines along the length.
This is not contradicting with the fast changes recorded in Fig. 2
where sections only 3d apart operate in an opposite way. Such
cells may consist of a balance between differently operating
sections.

Considering the actual pressure distributions of the rings for the
studied record there are features that do not fully comply with the
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Fig. 5. Phase lag between the lift force and displacement for themean cycle interval
in Fig. 2.

description of the laminar to turbulent transition as this is put for-
ward for non-inclined circular cylinders. In Fig. 7(a) it is seen that
Rings 1, 2 and 4 are in very similar post-critical states with separa-
tion bubbles having formed unevenly on both sides (near 100° and
250° from the stagnation point respectively). Yet although in terms
of mean pressure profiles they are so similar, as far as the dynamic
instability is concerned they have opposite functions, with Rings
1 and 2 exciting motion and Ring 4 damping it. Thus it is apparent
that the flow state alone is not enough to determine the propensity
for dry galloping. Ring 3 on the other hand shows a distinct feature.
Its profile is not normal with the plateau near 120° contributing to
a sustained asymmetry between the two cylinder sides that pro-
trudes far into the base pressure zone, contrary to classical transi-
tional behaviour. Hence, what was earlier quoted as a subcritical-
like state on the top side of the cylinder in Fig. 3 is definitely not
just the product of an intermittently bursting laminar separation
bubble.

Sectional mean pressure profiles shown from other related
cases in the literature, in Fig. 7(b), are used to help understand
this behaviour. Cosentino et al. [5] studied rain–wind vibrations of
an inclined stay (lower inclination to the one studied herein) and
the recorded pressure data on one pressure ring during motion,
similarly to this study. For the same conditions they also ran
dry tests to address the effect of water on the cylinder surface.
Their output in Fig. 7(b) interestingly shows asymmetries alike
to those found here that extend into the base pressure region.
The values on the other hand are quite different. In particular
the minimum suction reaches almost −4, lower than −3 that
corresponds to potential flow which is a physical limit for circular
cylinders normal to the wind. Yet these limits should not apply to
this more complex inclined case where vortex and 3D geometry
effects could alter the pressure minimum.

Lamont [11], as previously quoted,worked on static ogive cylin-
ders. He too recorded mean sectional pressures for transitional
Reynolds numbers. For conditions close to our study, ϕ = 55°
and Re ≈ 4 × 105, he identified two distinct interesting cases,
illustrated in Fig. 7(b). In case 1 the pressure distribution is quan-
titatively almost identical to the one for Ring 3 in Fig. 7(a). The
only difference is that the base pressure region lies on the level
of the unforeseen plateau of Ring 3 and is also symmetric. Such
profiles according to Lamont were able to produce high lift values,
although their repeatability and distribution were unpredictable.
Thus all details match our observations well. In a second case La-
mont, attempting to identify the effect of axial vortices originating
from the expected nose asymmetry and propagating downstream,
foundwhat is presented in Fig. 7(b) as case 2. After the early separa-
tion at around 80° a secondary vortex produces a secondminimum
pressure region. There is a great difference between the two sides
of the cylinder and it seems there is some similarity with Ring 3 in
the current study. Notably the value of the minimum pressure co-
efficient is again lower than −3, as found by Cosentino et al.. This
effect and similar pressure forms disappeared for larger inclina-
tions (> ∼ 70°). From these comparisons it seems that particular
unusual features found during excessive dry galloping vibrations
could also be relevant in other cases.

Lamont’s tests were preceded by another series of similar tests
by Lamont and Hunt [10] where it was shown that long abrupt
pressure jumps were locally occurring repeatedly. It was then
suspected that this was an effect of turbulence (of the order of
0.5% in the tests) and the subsequent series of tests [11] performed
in a lower turbulence wind tunnel (0.05%) were thought to avoid
this unstable feature that could make any reference to mean data
inaccurate.

For the tests reported here, aerodynamic forcing during large
vibrations was seen to be accompanied by erratic behaviour. This
could in some respect average out, however the nature of the
noise-like behaviour and moreover its time and spatial distribu-
tion (e.g. timing of jumps such as those in Fig. 4(b)) are entirely
unknown. Although averages can hide unsteady features the con-
tribution of such noise in the underlying mechanism of the dy-
namic instability could be significant. A different type of jump
behaviour was recorded for non-inclined cylinders. The lift force
for the dynamic cablemodelwhen in low amplitude response (typ-
ically below 0.1d) is presented in Fig. 8. The mean wind speed
and Reynolds number is very close to the previously illustrated
example, as can be seen in the figure legend. The characteristic
Fig. 6. Pressure distributions along the cable model for the whole record in Fig. 2, indicating patterning.
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Fig. 7. (a) Mean pressure distributions on all rings for the whole record in Fig. 2, (b) Mean pressure distributions from the literature corresponding to rain–wind vibration
and static inclined ogive cylinders.
time of one of this recorded jumps was found to be 0.068 s. This
is in good agreement with what was found for a static cylinder by
Schewe [19]. For a transition of lift coefficient from 0 to 1 (i.e. dou-
ble the one in Fig. 8) he got a value of 0.15 s. Strikingly the jumps in
the shown case, appear as a succession of rectangular pulses with
a regular time spacing between them. This corresponds to a fre-
quency of 4.45 s−1

= 0.225 Hz, much lower (almost 1/6th) than
the actualmotion frequency. Therefore it is questionablewhether a
vertical cable with frequency close to this value will produce large
response owing to some form of ordinary or adaptive resonance
loading. Thus, although during testing no vertical (or highly in-
clined) cable configuration experienced considerable oscillations
it seems that they do hold features that potentially could instigate
large motion.

4. Concluding remarks

Summarising the main observations presented, it is believed
that the effect of transitional behaviour is central for cases of dry
galloping. The inherent flow pattern unsteadiness in the critical Re
range and its interaction with turbulence and inclination are im-
portant in creating the dry galloping conditions. Something similar
was also seen for wake-induced vibrations [13,14], where quasi-
steady features have to combine with unsteadiness to yield exces-
sive unconventional dynamic response. Abrupt transitions, varying
time delays between load and motion, and a stiffness-like wind
force component are other characteristics in common between
that cases and the current one.

The features of the dry galloping mechanism captured in these
tests do not involve simple bursting of a laminar separation bubble.
Characteristics related to axial vortices as previously seen in the
study of inclinedmissiles appear to be present in the cable aerody-
namic forcing and contribute towards the excitation mechanism.
Although significant links were found with rain–wind vibrations it
seems that one of the most interesting features is something pre-
viously undiscussed even for them and lies in the contribution of
noise-like unsteadiness. The current observations suggest that dry
galloping is related to some kind of organisation of the noise that
arises from both the transitional behaviour and possibly the ambi-
ent turbulence. This type ofmechanism can be seen to also cooper-
atewithmore conventional features, such as a consistent incidence
dependence (or else roll effect) that its study seems to be getting
growing interest.
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