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Shape modification of bridge cables for aerodynamic vibrationtrol

K. Kleissl & C.T. Georgakis
Department of Civil Engineering, Technical University of Denmark, Kgs. Lyngby, Denmark

In this paper, the viability of modifying cable shape andface for the purpose of controlling wind-induced
vibrations is examined. To this end, an extensive wind-@élitest campaign was carried out on various cable
sections in the critical Reynolds number region under botbath and turbulent flow conditions. Shape modi-
fications of a plain cylinder included waviness, facetingl ahrouding. The aerodynamic damping of each
section is evaluated by applying 1- and 2-DOF quasi-steadydynamic models, which allow for the predic-
tion of regions of aerodynamic instability. Whilst the plawavy and faceted cylinders are found to suffer
from either dry inclined galloping, "drag crisis” or Den Hag galloping, the shrouded cylinder is found to be
completely stable for all wind angles of attack, albeit watllight increase in drag at traditional design wind
velocities. The wavy cylinder is found to eliminate the ridkdry inclined galloping, with a reduction in lift
fluctuations. Nevertheless, the particular cylinder igsk of “drag crisis” instability. Finally, turbulent flow is
shown to introduce a significant amount of aerodynamic dagipy proving a more stable lift force over tested
wind velocities.

1 INTRODUCTION ders that exhibit galloping instability, at specific wind

Through improved bridge monitoring and a greaterangles of attack, can be modified passively so that

openness between bridge owners and engineers, it h{ESe instabilities are eliminated altogether.

become increasingly apparent that a large number of"iS Paper is part of the preliminary investigations of
the world’s long-span cable-supported bridges suf@n 0ngoing research project, with the objective of ex-

fer some form of cable vibration (Kumarasena et al2Mining the viability of modifying cable shape and
2007). These vibrations have the potential to lead t@Urface, for the elimination of not only cable gallop-
long-term fatigue damage and economic loss, through'd: Put also vibrations due to vortex shedding - al-
a reduction of consumer confidence. Examples ofV@yS under the prevalent meteorological conditions
bridges with a history of cable vibrations include the!n Scandinavia.

First and Second Severn Crossings, @resund Bridge,

Great Belt East Bridge, Humber Bridge and the Fre? EXPERIMENTAL INVESTIGATION

Hartman Bridge. The experiments undertaken for varying flow condi-
Attempts to eliminate or dampen these vibrationgtions, angles of attack and cable inclination were per-
have been met with varying degree of success. To dafermed at the closed circuit wind tunnel facility at
no ultimately successful cable vibration control sys-FORCE Technology, Lyngby, Denmark. The test sec-
tem has been devised for all types of cable under allion has a height ad.70 m and a width ofi.00 m. The
conditions. This is most probably due to the fact thatwind tunnel can produce a maximum wind velocity
the observed vibrations are a result of varying excitaof 60 m/ s in smooth flow € 1% turbulence intens-
tion mechanisms, several of which may need differingty) and 35 m/ s in turbulent flow with an intensity of
control strategies to combat. Tested control systemapproximately?%. Turbulence is generated through a
have included cable-ties, viscous/magnetoreologicalurbulence grid installed upstream of the test section.
dampers, tuned mass dampers, spiral strands amkh inclined testrig, as shown in Fig. 1, was designed
dimples. so that cable models could be tested at varying cable-
Nevertheless, recent work on aerodynamic control otvind angle¢ in the ranges0° — 90°, where this flow
cables through cross-sectional shape modification haangle¢ is defined so thap = 90° correspond to flow
shown great promise. Aerodynamic control refers tgperpendicular to the cable axis, as shown in Fig. 2. To
the means of eliminating undesirable vibrations of aminimize the error on the force coefficients due to end
structure through careful modification of the struc-effects, the results are corrected based on measure-
tural shape and surface, either passively or activelynents made with only the arms of the inclined setup
Kleissl (2009) recently showed that circular cylin- installed. Finally, to ensure the end-effects did not af-
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fect the results, tests undertaken on a perpendicul& TEST RESULTS

section were compared with and without the use oDnly the force coefficients from the smooth flow tests
the inclined test rig. The comparison was favouablewith ¢ = 90° are presented herewith. As a basis for
although a slight increase in drag was observed whethe performance evaluation of the modified sections,
using the inclined test rig. Based on a literature re|| force coefficients are determined using the internal
circular diameter, which is the same for all sections.
The results presented are corrected for a test section
blockage ofl0%.

The drag, lift and moment coefficients obtained for
a slightly roughened cylinder in smooth flow are
presented at Fig. 4. A slight roughening of the sur-
face of the cylinder was introduced to emmulate sur-
face pollutants that might be found on an actual bridge
cable. The roughness had the added effect of ensur-
ing that the cylinder’s critical Reynolds number re-
gion fell within the testable wind velocity range. Fur-
thermore, the increased surface roughness produced
an increased minimum drag coefficient of aroungl
(instead of).3 for a perfectly smooth cylinder), as of-
ten specified for bridge design. From Fig. 4, it can be
seen that the lift coefficient strongly indicates the ex-
istence of a single separation bubble precisely within
the critical Reynolds number range for drag.
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Figure 2: Plan view of the cable-wind angte
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view of the different types of cable surface modifica- g 06 ¢

tions (Kleissl 2009), three types of modified sections g .

were chosen for further wind tunnel investigation. < -
Furthermore, a plain circular cylinder was included & °%

in the test program as a reference case. The modifie OF B b0 e o 500 oo B &0
sections chosen for testing are shrouded, wavy and fe °

ceted hexagonal cylinders (Fig. 3). %% o5 1 15 2 25 3 3s
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orce coefficient, (‘D CL, CM

Figure 4: Force coefficients for the plain cylinder for
flow ¢ = 90°.

The results for the wavy cylinder in the smooth
flow, shown in Fig. 5, look overall very much like
a typical circular cylinder with a significant amount
of surface roughness. The transition to the turbulent
shear layer happens earlier and the dip in drag is even
steeper than for the plain cylinder, although this could
be the result of the surface of the RPT (Rapid Pro-
Do T - - totyping) material being slightly rougher. The drag

e o -~ . B coefficient lies around.2 in the subcritical region,
but only drops to approx..7 at the end of the critical
region and slowly climbs up again through the super-
critical region. A small single separation bubble can
be observed from the lift coefficient, but with less than
half the magnitude of the one observed for the plain

Figure 3: Section models (from right to left),
plain cylinder, wavy cylinder, faceted cylinder and
shrouded cylinder.



circular cylinder, indicating that the waviness does re- 16 " Drag oot
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Figure 5: Force coefficients for wavy cylinder for flow DOF solution covering perfectly tuned systems (Mac-
o =90°. donald and Larose 2008b). So by considering both
models, both stay cables and hangers are covered.

The faceted cylinder is not presented as the drag i$he evaluation of instability is based purely on the
found to be independent of Reynolds numbers and imerodynamic damping in the nondimensional form,
the range ol .5 — 2.0, which is too high to be used on ignoring any form of structural damping. The nondi-
an actual bridge. The cylinder did also experience sigmensional aerodynamic damping paramef&r is
nificant variation in drag over angle of attack, which defined as
led to the prediction of Den Hartog galloping. 7 _ Samfn (1)

In smooth flow the results for the shrouded cylin- ¢ I

der (see Fig. 6) shows that the shroud eliminates th@here ¢, is the aerodynamic damping is mass
Reynolds number dependency. The almost constagfer unit length,: is the dynamic fluid viscosity and
drag coefficient slightly above.0 based on the in- 7 — wy /21 Wherew,, is the undamped natural fre-
ner cylinder diameter is not as low as expected. Test§uency. By using this nondimensional aerodynamic
described in the literature review (Kleissl 2009) in- damping parameter a function is obtained that is only
dicates that a constant drag coefficient lower than  dependent on the Reynolds number, the cable-wind
should be possible with the an efficient shroud designangles and the angle of attack In both of the stabil-
With the lack in the understanding of the different ity plots, the evaluation of the aerodynamic damping
shroud parameters and the “optimal” design coverings computed based on splined field approximations of
a relative wide parameter region, an additional reducthe force coefficients from the inclined tests. The con-
tion of the drag coefficient should be possible by fur-tinuous contour line represents the transition to negat-
ther development of the shroud by mainly focusing onive aerodynamic damping and thus the risk of instabil-
drag reduction instead of reducing vortex-formations;ty in the case of neglectable structural damping.

The lift coefficient are found completely steady com- ~ From the stability plot of the plain circular cylinder,
pared to the two other cylinders, indicating that theshown in Fig. 7, instability regions clearly emerges in
shrouding successfully disrupts the coherence of théhe critical Reynolds number region and are mainly

vortex formation. the result of the sudden dip in the drag coefficient
I.e. “drag crisis” instability. Both models also predict
4 INSTABILITY ANALYSIS some instability at the edge of the tested yawing range

The aerodynamic damping of the tested cylindersvhich appear outside the critical region. The fact that
have been evaluated by applying both 1- and 2-DORhe models predict large instability regions for the
guasi-steady aerodynamic instability models (Mac-plain cylinder at skew winds is to be expected, as sev-
donald and Larose 2006; Macdonald and Laroseral preceding investigations already have pointed this
2008a). Though in this paper only the plots from theproblem out as dry inclined galloping. Matsumoto et
1-DOF instability model are presented as the 2-DOFRal. observed galloping instability as a result of an arti-
model leads to similar observations. The reasons foficial axial flow corresponding to yawed angles in the
applying both models is that when a system starts getange oft5° — 60°. This corresponds well with the ob-
ting detuned, it asymptotically moves towards the 1-served instability region occurring at the edge of the
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tested yawed angles 66°. besides the slight increase in drag, the shroud appears
very effective at aerodynamic vibration control of the

20 cylinder.
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5 CONCLUSIONS
The evaluation of aerodynamic instability shows that
the plain cylinder could be prone to both “drag crisis”
and dry inclined galloping at specific skew winds. The
wavy cylinder have the properties similar to a typical
rough circular cylinder where no significant drag in-
crease is found, indicating some effectiveness of the
waviness. The steep dip in drag results in the pre-
diction of a “drag crisis” instability. Outside the crit-
ical Reynolds number region, it is more stable than
the plain cylinder which could be a result of the re-
R duced axial flow. The hexagonal faceted cylinder had
0.5 1 15 2 25 too large a drag coefficient 6 — 2.0) and depend-
Reynolds number, Re x1¢  ing on the angle of attack and the angular variation of
Figure 7: Nondimensional aerodynamic damping forthe geometry, Den Hartog galloping is predicted. The
plain circular cylinder in yawed smooth flow. shrouded cylinder is found to have a very low depend-
ency on the Reynolds number and a drag coefficient
For the wavy cylinder the results for the aerody-slightly above 1.0 based on the inner diameter. The
namic damping are shown in Fig. 8. For this the in-Shroud is found to stabilize the cylinder against any
stability region are seen to be very localized aroundyPe of dry state instability and it also significantly
the critical Reynolds number region. But because théeduces the vortex-induced oscillating lateral forces.
waviness significantly reduces the secondary axiakinally, turbulent flow is shown to introduce a signi-
flow, the section appears more stable outside the crificant amount of aerodynamic damping by proving a
ical Reynolds number region. This also indicates thafnore stable lift force over tested Reynolds numbers.
the secondary axial flow plays an important role re-
garding dry inclined galloping. Never the less theREFERENCES
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