The Vibration Response of a paper is to present the effect of attack angle fluctuation on the

cross-flow oscillation behavior of a rectangular cylinder supported

Cantilevered ReCtangUIar Cylinder in by a cantilever plate-spring system.

Cross-Flow Oscillation
Experimental Apparatus and Measurements

Three rectangular cylinders with an equal height 26 mm,
and a slenderness bfd=0.5, 1.0, and 2.0 were used. These were
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Experiments were carried out in a blow-down type wind tunnel
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520-2134, Japan horizontally, perpendicular to the free stream. The blockage ratio

was 8%. The cylinder was supported at both ends outside the
measuring section. End plates were attached to the cylinder to
remove influence of flow through slots on the sidewalls of the
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support, as shown in Table 1.

A ring type vortex anemomet¢8] was applied to measure the
free stream velocityJ within an uncertainty of+3%. The laser
displacement meter measured the displacedantone end of the
. cylinder outside the measuring section, as shown in Fig. 1, and its
Introduction uncertainty was-2%. The vortex shedding frequen€y was ob-

It is well known that a large-amplitude oscillation called galtained by applying FFT analysis to the streamwise fluctuating ve-
loping [1-3] is generated, in addition to Kaan vortex excita- locity u detected by a hot wire probe at a location in the near wake
tion, for rectangular cylinders supported perpendicularly to a ur@f the cylinder ¢=2b, z=1d, see Fig. L Since the velocity
form flow when the slenderne$gd is in the range of 0.6 to 2.8 signalu includes turbulence, the spectrumwivas averaged over
(d=height,b=streamwise length of the rectangular cross-segtior?0 data and the vortex shedding frequefigyvas taken to be the
The basic aerodynamic excitation mechanism of the cross-fldigquency at the maximum peak of the averaged spectrum. Thus,
galloping of a rectangular cylinder is explained by the quasibe uncertainty irf, is estimated to be around 2%.
steady nonlinear aerodynamic theory developed by Parkinson
et al.[4]. In this theory, the relative attack angle plays an impoResults and Discussion
tant role in the excitation mechanism of galloping. Also, as was . . . .
shown by Deniz and Stau5], the attack angle of a fixed rect- The nondimensional vortex shedding frequerityand nondi-

| lind t lv affects th t hedding f ensional root-mean-squa(rrens) value Qf(jisplficemenzrms/d,
gzgu“gr cylinder strongly afiects the vortex shedding frequen re plotted against the reduced velocity in Figs. 3-5 for the

ee cylinders supported by three different ways shown in Fig. 2.

Although the mechanism of pure cross-flow illation for & X ; >
though the mechanism of pure cross-flow oscillation fo \ﬁeone run of the wind tunnel experiment, was first increased

circular and rectangular cylinder is becoming clear, as seen in e wise from the lowest value of around 2.5 to the highest value
recent papef6], a slight difference in support conditions may P : 9

affect strongly the oscillation behavior. The specific aim of thi
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cases of “in-phase” and “anti-phase” settings, confirming that thamplitude oscillation is equal to the natural frequefgyf trans-
cylinder motion is purely translational in these settings. lational motion. The nondimensional vortex shedding frequency
f* is equal to unity over a considerable range of nondimensional
velocity around maximum oscillation, showing that the lock-in
phenomenon is occurring there. The oscillation behaviors for the
increasingV, and the decreasing, agree well, which shows that

For the puri c_rréss-/ﬂdow 05Ci|lati°§ ih7°WT1 in _Figa,hih sharp the effect of hysteresis is insignificant in the pure cross-flow os-
maximum peak InZmms/d appears av,~7, showing the occur- . iion of Cylinder I. Galloping did not occur on Cylinder |
rence of Kaman vortex excitation. The frequency of this Iargewhena -0

¢=0.

The lower oscillation peak at around =8 is not due to the
Free stream :

Cylinder | (b/d=0.5. Figure 3 shows* andZ,,¢/d versus
V, of Cylinder | for (a) pure cross-flow oscillationdy=0), (b)
“in-phase” a4, and(c) “anti-phase” ay .

translational oscillation but caused by rotational oscillation around
Rin ty& vortex anemometer the x axis (see Fig. 1, since the phases of the displacemgrt
9 bype both ends of the cylinder are anti-phase, as confirmed by measur-

-o- f* (U increase) - st/d (U increase)
Laser displacement meter - % (U decrease) > Zrms/d (U decrease)
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Fig. 1 Arrangement of the experimental apparatus and the co-
ordinate system 0.0

NA ) :E_ i
20 _0'20 N
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(a) Twin plate spring (0, = 0) 10 Joro
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. 00
N 30

(b) Single plate spring downstream of cylinder 25

(“in-phase” setting, when Z> 0, o, > 0) 20 :

L|]:> %» '(Xg:‘:::: _______________ ‘/_._IN

(c) Single plate spring upstream of cylinder
(“anti-phase” setting, when Z > 0, o, < 0)

Fig. 2 Cylinder support method by cantilever plate spring and
relationship between a4, and Z (flow direction is from left to Fig. 3 f* and Z,,/d versus V, for b/d=0.5
right )

Table 1 Characteristics of the oscillating system

Cylinder b/d k [N/m] f,[Hz] m, [kg] 5
Single-plate I 0.5 17.0 0.011%, 0.01%2
spring I 1.0 1260 16.7%, 17.0°2 0.11 0.012% 0.01%2
I} 2.0 17.0 0.013%, 0.0122
Twin-plate | 0.5 17.0 0.013
spring 11 1.0 1310 17.0 0.12 0.010
I} 2.0 17.0 0.012

*14n-phase” setting.
*2«Anti-phase” setting.
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-8 f* (U decrease) =z Jd(U decrease) & £+ (U decrease) =7 /d (U decrease)
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Fig. 4 f* and Z,,¢/d versus V, for b/d=1.0 0.()0 [?'00

Fig. 5 f* and Z,,/d versus V, for b/d=2.0

ing Z at both ends of the cylinder simultaneously. Furthermore,
the oscillation frequency at this lower peak is confirmed to t()geh

equal to the natural frequency of the rotational mode oscillatigifts 0 galloping. Thus, in the case of Cylinder Il with=0,
around thex axis. oth Kaman vortex excitation and galloping occur in their re-

When “in-phase” or “anti-phase’a is superimposed, the os- Spective nondimensional velocity ranges. _ _
cillation behavior of Cylinder | is essentially equivalent to the Figures 4 and £ show that the oscillation behaviors of Cylin-
pure cross-flow oscillation, as seen in Figb.a8d %, except that der Il with “in-phase” and “anti-phase” setting are dramatically
the maximumz,,./d value becomes a little lower and the secondifferent from the case of pure cross-flow oscillatiary0). As
peak inZ,,s/d at V,=8 disappears while a much lower pealseen in Fig. 8, theZ,,s/d of Cylinder Il with “in-phase” setting
appears nea¥, =16 instead. The latter effect is caused by th#aces that of Cylinder Il withag=0 until V,~8, where the
shift of the natural frequency of the rotational oscillation mod&arman vortex excitation is maximum in the casedf=0. How-
due to the support method. ever,Z,,¢/d continues to increase withh, with an almost constant

Galloping does not occur on Cylinder | whethey exists or Slope beyond/,~8 up to the maximum value of the experimental
not. As a result, it is shown that the attack angle fluctuatign range atV,=10. Throughout the region of large oscillation, the
affects neither Kaman vortex excitation nor the galloping of Cyl- ¢ylinder oscillates at its natural frequendy and the velocity
inder I, which has a slenderness smaller than the critical valueSPeCtrums, has a dominant peak at the frequerfey=f,, i.e.,

f* =1, showing the occurrence of lock-in. Howevgy,also had a

Cylinder Il (b/d=1.0). Figure 4 shows the oscillation be-pyeak at 2, in the large oscillation range as seen in the plotffor
havior of Cylinder II. In the case of Cylinder Il witkg=0, both  (gigjocated plot,f*=2) in Fig. 4. Hence, the nondimensional
Karman vortex excitation and galloping are induced in differe elocity regions of Kaman vortex excitation and galloping can be

nondimensional velocity ranges, as seen in Fig. fhe large no lonaer clearly distinguished andZ../d in the case of
oscillation over the range of,=7-8 accompanied by lock-in ;- hagea . y 9 b ms

phenomenon, i.e., the nondimensional vortex shedding frequencyy, ihe case of Cylinder Il with “anti-phase” setting, in contrast,

* 1 i 1 ’ - . . . .

f*, continues to be unity, showing the occurrence oftka  the Kaman vortex excitation is considerably suppressed and the
vortex excitation. When the nondimensional velocity is in-  |ock-in region almost disappears, as seen in Fg.ld addition,
creased beyond this range, the oscillation amplitude decreases §ig-galloping is almost completely suppressed.

nificantly and f* returns to the value for the cylinder at rest, The hysteresis in oscillation behavior of Cylinder Il is also
which shows that the Kanan vortex excitation ends at aroundinsignificant, as the case of Cylinders I, whethey is superim-
V,=8. WhenV, is increased furtheiZ,s/d begins to increase posed or not.

again whilef* is not equal to unity but proportional 4@, . The Thus, the influence od, on the oscillation behavior of Cylin-
oscillation frequency is always equal tg while the cylinder os- der Il is pronounced and its effects are in contrast depending on
cillates. These behaviors df* show that cylinder oscillation the phase difference betweery andZ generated by the support
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system. Wheny, is in-phase withz, both Kaman vortex excita- the maximum amplitude of Kenan vortex excitation witha

tion and galloping are strongly enhanced. In contrast, vortex ex-0, leading to galloping much larger than in the casegf0. In

citation is significantly suppressed wheg is anti-phase witlZ, the case of Cylinder Illi§/d=2.0), the influence of anti-phase,

and galloping is almost entirely suppressed. on the galloping of Cylinder Ill is opposite to that of Cylinder II,
Cylinder Ill (b/d=2.0). Cylinder Ill with ag=0 shows the since _the onset o_f gallopi_ng shifts_ toa considerabl_y lower nondi-

occurrence of two different oscillations with increasig, i.e.,, Mensional velocity and its amplitude grows rapidly with .

low-velocity excitation in the range of, =3—6 and galloping in However, the in-phase, does not affect the galloping on Cylin-

a higher nondimensional velocity range, Sdy>12, as seen in der Ill.

Fig. 5a. Karman vortex excitation does not occur since the slen. 1€ above results show that the effect of attack angle fluctua-

derness is larger than the Kaan vortex excitation regiorfg]. uon strongly depends on the slendernééd and ¢, and it is

Since the range of/, for the low-velocity excitation is much Stronger on galloping than on'K@en vortex excitation.

lower than the value 0¥, at whichf* =1, i.e.,V,=12, its mecha-

nism is not a synchronization between the cylinder oscillation aficknowledgments

the periodic vortex shedding. Althoud#i is equal to unity inthis  The support provided by the Hungarian Research Foundation

region and it seems to be lock-in, the peal§jpat f, is caused by (OTKA Project No. T 04296lLis gratefully acknowledged by L.
velocity fluctuation due to the large cylinder oscillation. The galaranyi.

loping occurs whelV,>12 and the amplitude grows wit#y, at an

increasing gradient, showing the typical divergent character Rfomenclature

galloping. WhenV, is decreased,¢/d traces the same curve in . .

the galloping region but low-velocity excitation is not observed at P = Streamwise length of rectangular cross section

all. This hysteretic behavior of the low-velocity excitation of Cyl- ~ d = height of rectangular cross section

inder 11l is more pronounced compared with other excitations de- fn = natural frequency

scribed in this paper, and it shows a strong nonlinearity of the f» = VOrtex Sheddlng frequency .

low-velocity excitation. o= nondimensional vortex shedding frequencyf( /f,)
In the case of Cylinder Ill with “in-phase” settin(Fig. 5b), the k = spring constant

low-velocity excitation completely vanishes, while galloping is M. = effective mass _ o )

not affected by the superposition af. In contrast, in the case of e = Reynolds number<Ud/v, v: kinematic viscosity

Cylinder Il with “anti-phase” setting(Fig. 5c), the behavior of U = free stream velocity )

the low-velocity excitation including hysteresis is not affected by =~ U = streamwise fluctuating velocity

the superposition oft,, while galloping occurs at a lower non- = Reduced velocity =U/(f,d)]

dimensional velocity and its amplitude grows with much more Z = displacement of rectangular cylinder .

rapidly than in the case af,=0. A sudden jump of* to unity ay = geometrical attack angle due to deflection of cantile-

appears at around,=7 in Figs. ®—5c. This might be lock-in, ver _

but the cylinder oscillation is small at thi4 . Hence, the relation 6 = logarithmic damping factor

of the sudden jump off* to the oscillation is still to be

investigated. References
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