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Abstract

Slender structures with circular cylindrical cross-sections are very common in
civil engineering, industrial equipment and bridge engineering. Such long
cylinders subjected to wind are columns, piles, long cables, chimney, pylons
and others. On long cables, an instability called dry galloping has been
recently theorized to be linked to an unpredictable jump state occurring once
the boundary layers of the circular cylinder changes from laminar to turbulent.
With a non-stationary character, the force generated at the critical flow regime
is named bi-stable activity. In this work, the birth of bi-stable flow activity
around a circular cylinder made of high-density polyethylene is studied
experimentally in a wind tunnel. The pressure pattern is linearly decomposed
and geometric modes governing the bi-stable activity as a function of
circularity defect are created. The results show that the energy of the non-
stationary load observed at the critical flow regime depends strongly on the
circularity defect. Furthermore, the inclination angle of 60° confers a
significant increase in the energy of the bi-stable flow mode when an unsteady
asymmetric reattachment event occurs. The paper also highlights the
variability of the mean drag coefficient as a function of the macroscopic defect.

Keywords: Bridge cable aerodynamics; dry galloping; critical flow regime;

circularity defect; bi-stability

Introduction

Slender structures with an approxi-
mately circular cross-section are
extensively employed in the civil
engineering industry. Elements with a
higher height-to-width ratio are
classed as slender structures. Such
structures are designed and built to
resist external forces such as static
and dynamic loads.

Inclined long cables in cable-stayed
bridges can experience large displace-
ments when the cable covers are sub-
jected to wind load under dry
conditions. This phenomenon is called
dry galloping (DG). This event has
been observed at a specific flow
regime'” and the assumed excitation
is exclusively linked to the aerody-
namic behavior of the cable.®> Various
theories have been advanced to
explain the triggering mechanism
behind cable vibrations with high
amplitudes. Ref. [4] described the
mechanism of dry galloping as similar
to the one causing vibration when a
splitter plate is placed in the wake of
a circular cylinder. A second
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interpretation of the origin of dry gal-
loping is derived from Den Hartog gal-
loping. The slightly elliptical cross-
sectional shape of cable protection
covers is considered likely to create a

negative lift slope.’” Accordingly,
analytical models and unified
approaches were developed to

prevent dry inclined cable gallop-
ing.%’. Thirdly, transition in the critical
flow regime has been recently theo-
rized to be the most important par-
ameter causing high cable
responses.”® The term transition here
is referring to the passage from
laminar to turbulent. Previous studies
of many scholars discussed the emer-
gence of the critical Reynolds
number regime as another possible
contributing factor to dry cable gallop-
ing.%’ Ref. [10] supports this last
theory by concluding that the contri-
bution of the transition within the criti-
cal flow regime is one of the principal
parameters governing dry galloping.

In the critical flow regime, transition in
the boundary layers around a circular
cylinder can be classified into the pre-
critical regime (TrBLO), the single
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bubble regime (TrBL1), and the two-
bubble regime (TrBL2).!' The pre-
critical regime means that no transition
takes place and the pressure pattern
around the circular cylinder is sym-
metric. Thus, the mean lift force is
zero. The single-bubble regime
implies that transition appears in just
one side of the cylinder imposing an
asymmetric pressure distribution. The
presence of a non-zero mean lift force
is observed. Finally, the two-bubble
regime denotes that transition occurs
on both sides of the cylinder. The
mean pressure pattern becomes sym-
metric again and the mean lift load dis-
appears. The term bubble describes
separation in the laminar boundary
layer, transition to turbulent and reat-
tachment. It is worth noting that the
classification made in Ref. [11] is
based on an upright circular cylinder
and time-averaged aerodynamic coeffi-
cients. However, the mean drag and lift
coefficient are not sufficient to describe
transitions between two critical
regimes as will be argued later.

Ref. [12] confirmed the relationship
between recorded large cable
vibrations and particular test par-
ameters. Additionally, a specific cable
orientation (See for instance Ref. [13]
for the definition of the orientation
angles) is assumed to be responsible
for dry galloping, as confirmed in Ref.
[14]. Ref. [15] argued that the trigger-
ing mechanism of dry galloping could
be linked to the non-stationary charac-
ter of the aerodynamic loads. Accord-
ingly, the only event that can be
deemed non-stationary at the critical
regime is the bistable flow activity. It
is important to mention that the pres-
ence of such loads has been observed
before and after the steady TrBL1
state, so that high-amplitude vibrations
can also occur before and after the
TrBL1 regime, as reported respectively
in Refs. [15, 16].

The unsteady aerodynamic forces
acting on circular cylinders in the

Scientific Paper 71


mailto:abenidir.cnerib@gmail.com
http://orcid.org/0000-0002-4885-1117

transitional Reynolds number range
can have a non-stationary random
character.'”'® Ref. [19] showed the
appearance of abrupt jumps in aerody-
namic loads during transition from
TrBLO to TrBL1. These unpredictable
jumps occur at a constant Reynolds
number and can be observed in both
static and dynamic tests. Benidir
et al.® used bifurcation diagrams and
proper orthogonal decomposition to
analyze these jumps. This analysis
showed that the circularity defect of
bridge cable covers can have a signifi-
cant effect on the jump phenomenon.
The importance of cross-sectional
shape on other aeroelastic phenomena
has been extensively studied. For
instance, a counter measure to the
rain wind-induced vibration (RWIV)
is to add a helical fillet on the surface
of smooth cable covers.”® Further-
more, pattern-indented surfaces have
been used to mitigate both RWIV
and DG phenomena. Comparisons of
the effects of helical fillets and
pattern indentation can be found
in.?'??> However, pattern indentation
and parallel protuberances can some-
times amplify both phenomena.®
Additionally, Ref. [24] showed that
even in the presence of such mitigation
measures, a cable can experience
vibrations in the critical flow regime.

The present work places emphasis on
the influence of cable inclination and
circularity defect on the development
of jumps in the aerodynamic loads
acting on high-density polyethylene
(HDPE) cable protection. The investi-
gation consists of testing a genuine
cable cover equipped with a large
number of pressure taps in an atmos-
pheric wind tunnel. The measured
unsteady pressure pattern is analyzed
by means of proper orthogonal
decomposition (POD) and important
conclusions are drawn.

Experiment

The test section of the atmospheric
wind tunnel (4 m in width and 2 m
in height) of the Scientific and Tech-
nical Centre for Building (CSTB)
was used for full-scale measurements
of the surface pressures on a cable
cover. Static upright and inclined
HDPE covers with a diameter of
250 mm are subjected to wind, cover-
ing a Reynolds number range from
the subcritical to the critical flow
regimes. The circular tubes are
equipped with 288 pressure taps
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distributed in nine rings. The length
of the instrumented part of the
model is 1m and the separation
between rings is not equidistant
(Fig. 1). Each ring encompasses 32
pressure taps made of copper with
an inner diameter of 0.8 mm. Thus,
the separation angle between two
successive pressure taps is 11.25°.
The information from the surface is
transferred via a short vinyl tube to
a pressure sensor with a range of
2500 Pa. The sensors are connected
in groups of 32 to a compact pressure
scanner. The equipment used for the
pressure instrumentation (scanners
and tubes) is arranged inside the
model. The model is composed of
two removable end sections con-
nected to the central instrumented
portion. The two static end pieces
are designed to rigidify the model
and to permit the rotation of the
central part.

The surface of the cover is naturally
smooth and its characteristics are iden-
tical to those used in actual bridge
cable covers. The average roughness
value ranges from Ra=129 to
1.43 um. The circularity defect (also
called macroscopic defect) of the
cover is measured using the setup
shown in Fig. 2. A laser displacement
sensor with a resolution of 60 um is
placed at an appropriate distance
from the rotating cover. The reflection
of the laser spot from the cover surface
when the cover is pivoting describes
the distribution of the macroscopic
shape of the cable cover. The measure-
ment of the circularity defect is per-
formed close to the location of the
measurement rings and after perforat-
ing the pressure taps. The measure-
ment operation is carried out on both
sides of each ring.

The turbulence intensity of the free
stream blowing towards rings 2 to 8 is
I1=1.1% with a standard deviation of
0.21. A turbulence intensity of 1.38%
is recorded at ring 9. The influence of

Fig. 1: Wind tunnel arrangement with an
inclination angle of o= 60°
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the flow turbulence on the aerody-
namic behavior of the model will not
be treated in this paper. However,
some interesting and recent con-
clusions about the contribution of
flow turbulence on the aerodynamic
behavior of stay cable covers can be
found in.>

The upright cable model is subjected
to sixteen wind directions. Each wind
direction is identified by a rotation
angle (6°) corresponding to a specific
pressure tap number. The rotation
angle is incremented by 22.5° steps.
For instance, 6=0° and, 6=90°
denote that pressures taps 1 and 9
respectively lie upstream. The objec-
tive of this experiment is to shed light
on the influence of the circularity
defect on boundary layer transition be-
havior. The configuration of the cable
is limited to one inclination angle, a
=60° (corresponding to an equivalent
angle ®=60°). At that equivalent
angle, high amplitude oscillations of
cables with smooth and rough surfaces
have been observed.”'®**  One
rotation angle (§=0°) is tested in this
configuration.

Data Analysis

The non-dimensional mean drag and
lift coefficients (Cp and C;) are
defined as

Fp
“=amps O
Fr,
Cr= (1/2)pU2S @)

where the drag (Fp) and lift (Fp)
forces are calculated by the integration
of the pressure distribution around
each ring, p is the air density, U is the
airspeed, S=DL is the reference
surface area, D is the diameter and L
=1 m is the cover length,

Fig. 2: Setup of the measurement the circu-
larity defect
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corresponding to the distance between
ring 1 and ring 9.

The analysis of the instantaneous
pressure distribution around the cable
has been performed using Proper
Orthogonal Decomposition (POD).
The basic principle of POD is the cre-
ation of a mathematical model of an
unsteady flow that decouples the
spatial from the temporal variations.
The technique allows the writing of
the surface pressure (P(x, t)) in the
form.

N
P = Y @) ()
i=1

where ¢;(x) are the POD mode shapes
depending on the spatial coordinate x.
The generalized coordinates g;(¢) rep-
resent the time dependence of the
pressure. The subscript i refers to the
ith mode. It is important to note that
the mean pressures are not subtracted
from the unsteady pressures. There-
fore, the first mode in the present
work represents the time-averaged
pressure field. The POD process
involves the solution of the eigenvalue
problem

CA= MM ()

where C is the covariance matrix of P,
A is the matrix of eigenvectors of C
and 4 is the diagonal eigen value
matrix. More details about POD can
be found in.2%?’

Smooth surface
0=025°

Mean drag coefficient

Dmax =0.25m, o =90° !
05 1 15 2 25 3 35 4

Reynolds number sl
(a)

Results and Discussion

Mean Aerodynamic Coefficients

The variations of the mean drag and lift
coefficients with Reynolds number for
a rotation angle of 0=22.5° are
plotted respectively in Fig. 3a, b. The
cable is in the upright position (incli-
nation angle o =90°) and all rings are
represented in the plot. The identifi-
cation of the TrBL regime is associated
with the drag crisis event. An abrupt
decrease in the drag force announces
the onset of the critical flow regime.
For a circular cylinder, the critical
regime is identified directly after the
shear layer transition regime where
the average Cp is fairly constant.
More generally, the critical flow
regime is covering the Reynolds
number range of Re=2x10° to Re=
5x10°2% By referring to the mean
drag coefficient values, the critical Rey-
nolds number is associated with the
Reynolds number where Cp falls to
0.8 As shown in Fig. 3a, the rings
located near the floor and the ceiling
of the wind tunnel are not respecting
faithfully this condition. It is also
important to mention that in the subcri-
tical regime (for instance, Re =1.057 x
10°) the values of the mean drag coeffi-
cients of the nine rings are dispersed.
The difference between the two
extreme values is 0.242, which is con-
sidered important in comparison to
the uncertainty in Cp, reported in.* In
addition, the mean and the standard
deviation of Cp (Ring 1 to Ring 9) are
respectively 1.066 and 0.084. Free
stream turbulence and the non-
uniform distribution of the

Smooth surface
" Dmax =0.25m, &'=90° |

051

05F

Mean lift coefficient

0.5 1 1.‘5 é 2?5 ; 3?5 ‘;
Reynolds number
(b)

Fig. 3: Mean aerodynamic coefficients, a =90°, 6 =22.5° (a) Drag (b) Lift
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macroscopic defect along the model
may cause this dispersion, which is
strongly reduced in the critical flow
regime.

At the start of the critical flow regime,
the mean lift coefficient values
increase steadily until they jump to a
peak. This peak represents the estab-
lishment of the single-bubble regime
(steady TrBL1). For higher Reynolds
numbers, the progressive decrease of
the absolute value of the mean lift
coefficient denotes the occurrence of
the second transition in the boundary
layers, leading to a definite suppression
of the mean lift force (steady TrBL2).
Figure 3b shows also that the
maximum values of the mean lift coef-
ficients are dispersed. For instance, C.
=-1.21 is obtained at the location of
ring 3 where as ring 7 gives Cp =
—0.725. The asymmetry created by
the single-bubble regime results in
the negative sign of the lift coefficient
for all the rings. The appearance of a
steady TrBL1 regime on one side
along the cylinder may be due to the
spatial correlation of the circularity
defect.® Consequently, a thorough
analysis of the influence of the macro-
scopic defect on the pressure pattern
around the cover is mandatory. To
this end, and to neutralize the effect
of free stream turbulence on the
description of the influence of the cir-
cularity defect on the aerodynamic be-
havior of the cable, the mean
aerodynamic coefficients of a single
ring will be used. Ring 5 located in
the mid-span section is chosen.

Figure 4a,b plot respectively the
mean drag and lift coefficients
obtained at ring 5 for two different
wind directions (0=22.5° and 0=
67.5°). The distribution of the macro-
scopic defect for each wind direction
is also indicated. The variation of the
drag coefficients with Reynolds
numbers demonstrates the establish-
ment of the TrBL1 regime at the
same Reynolds number for §=22.5°
and #=67.5°. However, for higher
Reynolds numbers, the aerodynamic
behavior of the cover depends on
orientation as the second transition
regime is progressively installed. The
TrBL2 regime occurs at Re=3.1x
10° for §=22.5° and at Re=3.4x 10’
for §=67.5°. The mean lift and drag
coefficients at TrBL2 also depend
on the cover’s orientation. The
difference between the drag coeffi-
cient at 6=22.5° (CD(TrBLZ), 0:22'50)
and the drag coefficient at §=67.5°
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Fig. 4: Mean drag and lift coefficients at ring 5, a.=90°, §=22.5°, 67.5° (a) Drag (b) Lift

(CD(TrBLZ), 9:67.5") is 0146, which is
relatively important (53.7% differ-
ence). Furthermore, the signs of the
mean lift force are opposite in the
two orientations.

Even though the incidence of the
macroscopic defect on the aerody-
namic coefficients (especially the
lift) has been demonstrated exper-
imentally,® the results reported in
Fig. 4 show that both drag and lift
are sensitive to a particular flow
regime. A global overview of the
influence of the circularity defect on
the pressure pattern around the
circular cylinder is shown in Fig. 5,
which plots the standard deviation
of the mean drag (o¢,) and mean
lift (o¢,) coefficients of ring 5 (for
the 16 angles of rotation (N)) as
functions of the Reynolds numbers.

These standard deviations are
0.5
04 o 8 —e
4 - %
5™ ¢
T 035
2 os }
° fi
0.25
° gii
@ 02 Vi
©
€ o1s fii
8 (ERIRR
o0 o1f El l;
0
1 15 2 25 3 25 4 45
Reynolds number e

Fig. 5: The standard deviation of the mean
drag and lift coefficients for a complete
rotation of the cover, a=90°
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defined as
1 0=i7.5° .,
oc, = | (Cp(0) — Cp);
N-1 =
o 1 0=3375°
Cp =~ > Co();
6=0°
N =16
&)
1 9=§7:'50 —2
oo, = | (CL(0) — CL);
L N-—-1 =
o 1 0=3375°
CL = N Z CL(G);
0=0°
N =16
(6)

for each value of the Reynolds
number. The figure shows that the
dispersion of the mean aerodynamic
coefficients is most important in the
critical flow regime. In the sub-criti-
cal regime, the mean drag and lift
coefficients are significantly less sen-
sitive to the angle of rotation. The
large dispersion in the lift coefficient
in the critical regime can be
explained in part by the asymmetric
flow.” During a complete rotation,
the sign of the lift coefficient in the
critical flow regime changes,'” since
transition only occurs on one side in
the TrBL1 regime. However, the
most important observation is the
variation of the mean drag coefficient
in the critical flow regime which
cannot be caused by low test repeat-
ability or free stream turbulence. The
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tests are performed in the same wind
tunnel section and the data comes
from the same ring (ring 5). Further-
more, the repeatability tests per-
formed in Ref. [25] show an
insignificant variability of the force
coefficients at a constant Reynolds
number. Thus, on a quasi-circular
smooth cylinder, the mean drag
forces are sensitive to both circularity
defect and flow regime. To these
authors’ knowledge, this conclusion
has not been reported elsewhere.

The results presented up to this point
concern only mean aerodynamic loads
and therefore cannot give any infor-
mation on the unsteady nature of these
loads. For instance, the fact that the
mean lift is negative does not mean
that the instantaneous lift is also
always negative. The unsteady pressure
distributions will be presented next in
order to demonstrate the occurrence of
abrupt jumps in the aerodynamic loads.

POD and Bistable Flow Activity

As mentioned earlier, the TrBL1 state
involves asymmetric mean flow, featur-
ing a separation bubble on one side of
the cylinder. However, the instan-
taneous behavior may be such that
the separation bubble can abruptly dis-
appear or reappear, either on one side
of the cylinder or on both. This
phenomenon can lead to unpredict-
able pressure pattern disturbances'’
and abrupt jumps in the lift coeffi-
cient.' As there are two possible
quasi-stable states (separation bubble
between one or the other side), the
switching between these two states is
named bi-stable activity. The presence
and the spatial correlation of bi-stable
activity can be assessed using the POD
results. Figure 6 shows the generalized
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\
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-4000 . : : . . .
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Time (s)
Fig. 6: Three generalized coordinates of the
pressure pattern, o.= 90°, Re = 2.8 x 10°, 0=
67.5°
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coordinates of the first three modes
(q1(t), g2(t) and g5(¢)) for a rotation
angle of 0#=67.5°, at a Reynolds
number of 2.8 x 10°. It is important to
note that the unit of the generalized
coordinates is Pascal times (weighted)
the non-dimensional eigenvalues of A
(refer to (4)). In addition, the energy
of the modes is represented by the
eigenvalues 4; (see (4)). The values of
mean drag and lift coefficients at ring
5 are respectively, Cp, Ring 5, 9-67.5°)
=0.7208 and C(L, Ring 5, 0=67.5°)=
0.4605 (see Fig. 4). The generalized
coordinate of the first mode is nearly
constant throughout the time history,
i.e. it represents the mean flow. The
generalized coordinate of the second
mode undergoes two abrupt jump
events at t=17s and r=26s. Mode 2
is the most energetic of the unsteady
modes and reflects most strongly bis-
table activity. The generalized coordi-
nate of mode 3 is also nearly constant
throughout the time history and its
energy is very low, so that it can be
neglected in the following discussion.

The mode shapes of modes 1 and 2 are
plotted in Fig. 7. Mode 1 shows that the
pressure is highest at the stagnation
line (labeled fy,, in the following
text) and decreases as the flow acceler-
ates in both directions. There is a very
low-pressure area centered at the
location of g, +90° between rings 4
and 9, denoting that the flow is
attached there and separates down-
stream, at approximately O,q+ 110°.
We can conclude that transition has
already occurred on these rings and
on this side (>0s.,). On the other
side of the cylinder (<fy,g) there is a
low-pressure area only on rings 8 and

CL SN
045

>0 stag
<O stag

Ring

o

>
Ostag+180°
Ostag+135°
Ostag+45°
Ostag-45°
0'stag-90
Ostag-135°
0 stag-180°

Ostag+90°

Angular position of the taps
(a)
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9, which implies earlier flow separation
on all other rings. As the sign of g;(¢) is
always positive, the low-pressure areas
never switch sides in time. This mode
shape implies that the mean flow has
undergone transition on both sides of
rings 8-9, only on the left on rings 4-
7 and not at all on rings 1-3. This
uneven transition state is due to the
variation of the cylinder cross-sec-
tional shape. In fact, the ellipticity of
the tested model which is defined as
the maximum width divided by the
minimum width of the cross section
varies strongly (see Appendix).

Mode shape 2 in Fig. 7b features a low-
pressure area centered around O,
reaches 6.09 for the first transition +
90° between rings 1 and 3. The corre-
sponding generalized coordinate is
mostly negligible but jumps to signifi-
cant positive values at two time
instances. This means that flow reat-
taches on the left side of the cylinder
between rings 1 and 3 at these time
instances, i.e. transition occurs inter-
mittently there. Figures 6 and 7 show
that the pressure distribution around
the cylinder jumps between two bi-
stable states:

(1) Transition on side >0y, for rings
4-9 and laminar flow on the oppo-
site side <y, for all rings except 8
and 9

Transition on side >0,, for all
rings and laminar flow on the
opposite side <0s,g for all rings
except 8 and 9

)

The important information to add is
the frequency of the jump event
during a time acquisition. This can be

Angular position of the taps
(b)

Fig. 7: Mode shapes I and 2, a = 90°, Re = 2.8 x 10°, 0=67.5° (a) Mode 1 @), (b) Mode 2 ¢,,
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inferred from the energy of the
second mode (magnitude of 1,),
which depends on the number of bi-
stable states, the amplitude and the
duration of the jumps (see Appendix
B in Ref. [15]). The energy of mode
two represents 1.37% of the energy
of all the modes. It has been demon-
strated that in the critical flow
regime, the energy of the second
mode increases.® In fact, for the same
rotation angle (6=67.5°) and in the
sub-critical regime (Re=1.76 x 10°),
the proportion of the energy of the
second mode (1) is 0.48%, i.e. much
lower than in the critical regime.

Similarly, the identification of the
second unsteady state (TrBL1-TrBL2)
could be obtained by the analysis of
the generalized coordinates and the
mode shapes at a Reynolds number
lower than the one identified to be
linked to a steady TrBL2. To this end,
Figs. 8, 9 show the results of the
orthogonal decomposition of the
pressure pattern at a Reynolds
number of 3.23 x 10°. In this case, the
mean flow (mode shape 1 in Fig. 9a)
shows that transition has now occurred
on all the rings on the side >0, and
rings 6-9 on the other side. Mode 2
denotes additional transition on rings
3-5 on side <Oy, The generalized
coordinates of the second mode (Fig.
8) indicates the occurrence of very
short-duration jumps during the acqui-
sition time (30s). The proportion of
the energy of the second mode (4;)
attains only 0.23%. Thus, transition
from laminar to turbulent occurs
during very short time intervals on
rings 3-5 on side <0g,, Comparing
Figs. 7, 9 shows that transition has
spread to a larger area of the cylinder
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Fig. 8: Three generalized coordinates of the
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while comparing Figs. 6, 8 shows that
bi-stable activity is less intensive at
the higher Reynolds number.

This paragraph has shown that tran-
sition is an intermittent phenomenon
in the transitional Reynolds number
range, leading to at least two stable
conditions, one of which is dominant
while the other occurs for short
periods of time. The frequency and
severity of these bistable jumps is rep-
resented by the energy of POD mode
2. Furthermore, when the wind comes
from direction 6=67.5°, the bistable
activity is more intense in the range
TrBLO-TrBL1 than in the range
TrBL1-TrBL2. However, to under-
stand the influence of the circularity
defect on the occurrence of the bis-
table activity, a more thorough analysis
is presented in the next section.

Bistability and Influence of
Circularity Defect and Inclination

The present paragraph investigates the
occurrence of bistable activity for the
sixteen (16) angles of rotation. Figure
10 the energy of mode 2 as a function
of rotation angle. Figure 10a concerns

Angular position of the taps

(b)
Fig. 9: Mode shapes, a=90° Re=3.23 x 10°, 0=67.5° (a) Mode 1 ¢y, (b) Mode 2 ¢,,

the range TrBLO-TrBL1 while Fig
10b concerns the range TrBL1-TrBL2.
In the case of the transition from
TrBLO to TrBL1, the distribution of
the energy of the bistable activity
shows that the orientation of the
cable has a significant effect on the
bistability of the flow. For instance, at
orientation angles of #=270° and 0=
315°, the energy of energy of mode 2
is highest, reaching 2.79% and 2.81%
of the total flow energy, respectively.
Figure 10b for TrBL1-TrBL2 shows
that the strongest bistable activity is
obtained at completely different orien-
tation angles. Clearly, the circularity
defect has different effects at different
Reynolds number ranges. The possi-
bility that a particular form of circular-
ity defect could reduce or suppress
bistability at certain orientation
angles throughout the transitional
Reynolds number range can then be
raised.

The effect of an inclination angle of «
=60° on bistable activity has already
been analyzed around a smooth circu-
lar cylinder with a diameter of
200 mm."” However, no distinction
was made between the TrBLO-TrBL1

Fig. 10: Distribution of the energy of the mode 2 for a complete rotation: (a) TrBLO-TrBLI

transition (b) TrBLI1-TrBL2 transition
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and TrBL1-TrBL2 ranges. The effect
of inclination angle on the bistable
activity was assessed by means of a
parameter called the increase factor,
i.e. the ratio between the eigenvalue
of the second mode (4,) at the incli-
nation angle of 60° to the one in the
upright configuration (a =90°). At the
inclined position, it was found that
the energy of the second mode is gen-
erally higher than at a=90° In the
present work, one test is performed
at §=0° orientation and at inclination
angles of a=90° and a=60°. The
results show that the increase factor
(M (@ = 60°)/A2 (¢ = 90°)) reaches
6.09 for the first transition (TrBLO-
TrBL1) while its value is only 1.36 in
the second transition (TrBL1-TrBL2).
Consequently, the authors believe in
the strong contribution of the bistable
activity in installing dry galloping con-
ditions in the critical inclination angle
of 60°, particularly in the TrBLO-
TrBL1 range.

Conclusions

In the present manuscript, an exper-
imental investigation around the influ-
ence of the circularity defect and the
flow regime around a circular cylinder
is conducted in the critical Reynolds
number range. The experiment con-
sists of measuring the pressure
pattern on the surface of a smooth
HDPE cable coating with a diameter
of 250 mm by mean of 288 pressure
taps. Models in an upright and inclined
position are subjected to wind load
covering the range of the Reynolds
number corresponding to the subcriti-
cal and the critical regimes. Proper
Orthogonal Decomposition is used to
analyze the flow unsteadiness. The
results are discussed and the main con-
clusions are the following:

¢ The mean values of the drag and lift
coefficients depend strongly on the
circularity defect and on the flow
regime around the cylinder.

¢ The subcritical regime and the critical
flow regime have different effects on
the aerodynamic coefficients as a com-
plete rotation of the cable around its
longitudinal axis is performed.

e In the critical flow regime, the vari-
ation of the mean drag coefficient
as a function of the circularity
defect can be higher than 50%.

» Bistable activity can be more pro-
nounced when the flow transits from
the TrBLO to the TrBL1 regime and
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less pronounced when it transits from
the TrBL1 to the TrBL2 regime.

e A cable inclination angle of 60°
increases significantly the energy of
the bistable flow mode, particularly
during transition from the TrBLO to
the TrBL1 regime.
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Appendix

Ring 9

Figure Al: Measured true cross-sectional
shape at the locations of all rings.
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