
 1 Copyright © 2003 by ASME 

Proceedings of FEDSM’03 
4TH ASME_JSME Joint Fluids Engineering Conference 

Honolulu, Hawaii, USA, July 6–11, 2003 

FEDSM2003-45459 

EFFECT OF ATTACK ANGLE FLUCTUATION SUPERIMPOSED ON THE CROSS-FLOW OSCILLATION 
OF A RECTANGULAR CYLINDER IN UNIFORM FLOW 

 
 

Mizuyasu KOIDE, Tsutomu TAKAHASHI, Masataka SHIRAKASHI 
Department of Mechanical Engineering, Nagaoka University of Technology 

Kamitomioka 1603-1, Nagaoka, Niigata, 940-2188, JAPAN 
Phone: +81-258-47-9730, Fax: +81-258-47-9770 

E-mail: kashi@mech.nagaokaut.ac.jp 
 

Yuuki KUBO 
Toray Engineering Co., Ltd. 

Sonoyama1-1-1, Ootsu, Shiga, 520-0842, JAPAN 
Phone: +81-77-544-1644, Fax: +81-77-544-1809 

 E-mail: yuki_kubo@toray-eng.co.jp 
 

László BARANYI 
Department of Fluid and Heat Engineering, University of Miskolc 

 H-3515, Miskolc-Egyetemváros, Hungary 
Phone: +36-46-565111 ext. 1257; Fax: +36-46-565471 

E-mail: arambl@gold.uni-miskolc.hu 
 
 
ABSTRACT 

The cross-flow oscillation of a rectangular cylinder 
supported by a cantilever plate-spring system was investigated 
using a wind tunnel, in order to reveal the effect of attack angle 
fluctuation superimposed on cross-flow oscillation. Three kinds 
of support systems were tested in order to give a different 
phase-shift between attack angle and cylinder displacement. 
Three rectangular cylinders with the slenderness of 0.5, 1.0 and 
2.0 were used to investigate effect of attack angle both on the 
Kármán vortex excitation and the galloping. The effect of 
attack angle fluctuation on oscillation behavior markedly 
differed among the three rectangular cylinders of different 
slenderness. When the slenderness was 0.5, attack angle 
fluctuation had no influence on the oscillation behavior of the 
cylinder. When the slenderness was 1.0 and 2.0, the oscillation 
behavior was quite different compared with pure cross-flow 
oscillation, depending on the support system and slenderness. 

INTRODUCTION 
It is well known that, in addition to the Kármán vortex 

excitation, a large-amplitude oscillation called galloping [1] is 
generated for rectangular cylinders supported perpendicularly 
to uniform flow when the slenderness b/d is in the range of 0.6 
to 2.8 (d = height, b = streamwise length of the rectangular 
cross-section). 

The basic aerodynamic excitation mechanism of the cross-
flow galloping of a rectangular cylinder is explained by the 
quasi-steady nonlinear aerodynamic theory developed by 
Parkinson et al. [2]. When a rectangular cylinder moves with 
velocity Z&  perpendicular to a free stream with velocity U and 
its own axis, a relative attack angle is induced given by 

)/(tan 1 UZr
&−−=α . Consequently, the flow pattern around 

the rectangular cylinder becomes asymmetric and a net lift 
force occurs in the direction of the oscillating motion [3], [4]. 

It follows from the above explanation that the relative 
attack angle αr plays an important role in the excitation 
mechanism of galloping. Also, as was shown by Deniz & 
Staubli [5], the attack angle α of a fixed rectangular cylinder 
strongly affects the vortex shedding frequency and lift. 
Therefore, it is expected that the attack angle fluctuation may 
strongly affect Kármán vortex excitation and galloping when it 
is superimposed on the cross-flow oscillation, if the attack 
angle fluctuation synchronizes with the cylinder oscillation. In 
many practical applications, pure cross-flow oscillation is 
seldom found in machines or structures, and depending on the 
supporting structure, attack angle fluctuations are frequently 
superimposed on the cylinder oscillation. 

The specific aim of this work is to reveal the effect of 
attack angle fluctuation on the cross-flow oscillation behavior 
of a rectangular cylinder supported by a cantilever plate-spring 
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system. Three rectangular cylinders with the slenderness of 
b/d=0.5, 1.0 and 2.0 were used in wind tunnel experiments. 
These were chosen since b/d = 0.5 is less than the galloping 
range and b/d = 2.0 is higher than the Kármán vortex excitation 
range. 

NOMENCLATURE 
b : streamwise length of rectangular cross section 

LC  : time-mean lift coefficient 
d : height of rectangular cross section 
fn : natural frequency 
fv : vortex shedding frequency 
k : spring constant 
me : effective mass 
Re : Reynolds number (=Ud/ν, ν: Kinematic viscosity) 
U : free stream velocity 
u : streamwise fluctuating velocity 
Ζ : displacement of rectangular cylinder 
α : attack angle 
αg : geometrical attack angle due to deflection of 

cantilever 
αr : relative attack angle due to cylinder motion 

dtdZZ =&  

αv : virtual attack angle for oscillating rectangular 
cylinder (= αg + αr) 

δ : logarithmic damping factor 

EXPERIMENTAL APPARATUS AND MEASUREMENTS 
Three rectangular cylinders with an equal height, d = 26 

mm, and a slenderness of b/d=0.5, 1.0 and 2.0 were used. 
Hereafter, the rectangular cylinders with b/d = 0.5, 1.0 and 2.0 
are expressed as Cylinder I, Cylinder II and Cylinder III, 
respectively. 

Experiments were carried out in a blow-down type wind 
tunnel with a measuring section of 320(H)×320(W)×1000(L) 
mm as shown in Fig. 1. The cylinder was placed in the wind 
tunnel horizontally, perpendicular to the free stream. The 
blockage ratio was 8%. The cylinder was supported at both 

Table 1 Characteristics of the oscillating system 
 Cylinder b/d k  [N/m] fn  [Hz] me  [kg] δ 

I 0.5 17.0 0.011*1, 0.011*2 
II 1.0 16.7*1, 17.0*2 0.012*1, 0.011*2 Single-plate 

spring 
III 2.0 

1260 
17.0 

0.11 
0.013*1, 0.012*2 

I 0.5 17.0 0.013 
II 1.0 17.0 0.010 Twin-plate 

spring 
III 2.0 

1310 
17.0 

0.12 
0.012 

*1 “against” setting, *2 “follow” setting 
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FIG.1 Arrangement of the experimental 
apparatus and the coordinate system 
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(a) Twin plate spring (αg = 0) 
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(b) Single plate spring downstream of cylinder 
(“against” setting, αg is in-phase with Z) 

 

αg
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(c) Single plate spring upstream of cylinder 
(“follow” setting, αg is anti-phase with Z) 

FIG.2 Cylinder support method by cantilever 
plate spring and relationship between αg 
and Z (Flow direction is from left to right) 
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ends outside the measuring section. End plates were attached to 
the cylinder to remove the influence of flow through slots on 
the sidewalls of the measuring section [6]. 

In order to investigate the influence of attack angle 
fluctuation superimposed on cross-flow oscillation, i.e. Kármán 
vortex excitation and galloping, the cylinder was supported by 
cantilever plate springs in three ways as shown in Fig. 2. When 
the cylinder is supported by the twin plate spring as in Fig. 2(a), 
its motion is purely translational in z direction. In this case a 
relative apparent attack angle )/(tan 1 UZr

&−−=α  is induced 
in the flow relative to the cylinder. When the cylinder is 
supported by the single plate spring, a geometrical attack angle 
αg is generated synchronizing with cylinder displacement Z, in 
addition to αr. The phase difference φ between αg and Z is zero 
(i.e. in-phase) when the cylinder is supported “against” the 
flow as in Fig. 2(b), and φ = π (anti-phase) when the cylinder is 
supported “following” the flow as in Fig. 2(c). The absolute 
value of αg reaches 6° at Z = 5 mm, the maximum displacement 
in this experiment. 

The natural frequency fn and logarithmic damping factor δ 
were determined by free damping oscillation in otherwise 
quiescent air. The effective mass me of the cylinders were 
calculated from fn and spring constant k, and these parameters 
were set virtually equal for all the cylinders and supporting 
ways, as given in Table 1. 

A ring type vortex anemometer [7] was applied to measure 

the free stream velocity U. A laser displacement meter was 
used to measure cylinder displacement Z at one end of the 
cylinder, as shown in Fig. 1. The vortex shedding frequency fv 
was obtained by applying FFT analysis to the streamwise 
fluctuating velocity u detected by a hot wire probe at a location 
in the near wake of the cylinder (x = 2b, z = 1d, see Fig. 1). 
Since the velocity signal u includes turbulence, the spectrum of 
u was averaged over 20 times at each component of frequency 
to reduce the effect of turbulence. The vortex shedding 
frequency fv was taken to be the frequency at which the 
spectrum of u had the maximum peak. 

In one run of the wind tunnel experiment, U was first 
increased stepwise from the lowest value of around 1 m/s to the 
highest value of around 9 m/s, and then decreased again to the 
lowest velocity. 

Flow visualization and lift force and vortex shedding 
frequency measurements were carried out for stationary 
rectangular cylinders over a range of attack angles 
corresponding to the above oscillation experiment. The lift 
force was measured in a wind tunnel by load transducers at 
each end of the cylinder. Flow around the cylinder was 
visualized using a circulating water channel. The water surface 
tracer method was applied to visualize the flow using aluminum 
flake as the tracer. 

RESULTS AND DISCUSSION 
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FIG.3 fv and Zrms/d versus U for b/d = 0.5, 
“against” setting (αg and Z are in-phase), 
fn = 17.0 Hz, δ = 0.011 (Solid line: pure 
cross-flow oscillation for U increase, 
broken line: for U decrease, fn = 17.0 Hz, δ 
= 0.013) 
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Influence of attack angle on the cylinder oscillation 
The vortex shedding frequency fv and non-dimensional 

root-mean-square (rms) value of displacement Z, Zrms/d, 
obtained by the wind tunnel experiment are plotted against the 
free stream velocity U in Figs. 3-8 for the three cylinders 
supported by three different ways shown in Fig. 2. In these 
figures, open symbols  and  represent fv and Zrms/d when U 
was increased, and solid symbols  and  represent them when 
U was decreased, respectively. Solid lines and broken lines 
show fv and Zrms/d for the case of αg = 0, i.e. pure cross flow 
oscillation, obtained by using the twin plate spring system 
shown in Fig. 2(a), also for the increasing U and the decreasing 
U, respectively. When the twin plate spring was used, the 
oscillation behavior showed only a slight difference between 
cases of “against” and “follow” settings, confirming that the 
cylinder motion is purely translational in these settings. 
[1] Cylinder I (b/d = 0.5) 

Figures 3 and 4 show results obtained for Cylinder I 
supported by the single plate spring, i.e. the rectangular 
cylinder with slenderness b/d = 0.5, with “against” (αg in-
phase with Z, Fig. 2(b)) setting in Fig. 3 and “follow” (anti-
phase, Fig. 2(c)) setting in Fig. 4. Results on Cylinder I with αg 
= 0 (pure cross flow oscillation, Fig. 2(a)) is shown in both 
figures. 

For pure cross-flow oscillation which is represented by the 

solid line (U increase) and the broken line (U decrease), a sharp 
maximum peak in Zrms/d appears at U ≈  3 m/s showing 
occurrence of Kármán vortex excitation. The frequency of this 
large amplitude oscillation is equal to the natural frequency of 
translational motion. The vortex shedding frequency fv 
coincides with the natural frequency fn of the structure over a 
considerable range of velocity U around maximum oscillation, 
showing that the lock-in phenomenon is occurring there. The 
solid line and the broken line agree well, which shows that the 
effect of hysteresis is insignificant in the pure cross-flow 
oscillation of Cylinder I. Galloping did not occur on Cylinder I 
when αg = 0. 

The smaller oscillation peak at around U = 4 m/s in both 
the solid and broken line is not translational oscillation but 
rotational oscillation around the x axis, since the phases of the 
displacement Z at both ends of the cylinder are anti-phase, 
which is confirmed by measuring Z at both ends of the cylinder 
simultaneously. Furthermore, the oscillation frequency at this 
lower peak is confirmed to be equal to the natural frequency of 
the rotational mode oscillation around the x axis. 

The oscillation behaviors of Cylinder I supported by the 
single-plate spring system with “against” and “follow” settings, 
i.e. αg superimposed on cross-flow oscillation in-phase and 
anti-phase, are essentially equivalent to pure cross-flow 
oscillation behavior, although the maximum Zrms/d values of 
“against” and “follow” are a little smaller than that of pure 
cross-flow oscillation. Galloping does not occur on Cylinder I 
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line: pure cross-flow oscillation for U 
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with “against” and “follow” settings. 
When αg is superimposed on cross-flow oscillation, as seen 

in Figs. 3(b) and 4(b), the rotational oscillation near U = 4 m/s 
disappears and then a lower peak appears near U = 7 m/s. The 
shift of U at which the rotational oscillation occurs is not 
caused by the influence of superimposing αg, but by the shift of 
the natural frequency of the rotational oscillation mode induced 
by the support method, although the natural frequency of 
translational oscillation is the same. 

As the result, it is shown that the attack angle fluctuation 
αg affects neither Kármán vortex excitation nor the galloping of 
Cylinder I, which has slenderness smaller than the critical value. 
[2] Cylinder II (b/d = 1.0) 

Figure 5 shows the oscillation behavior of Cylinder II 
supported by a single plate spring with “against” setting and 
Fig. 6 with “follow” setting. In the case of Cylinder II with αg 
= 0, both Kármán vortex excitation and galloping are definitely 
induced, as shown by the solid and the broken lines in Figs. 5 
and 6. An increase of Zrms/d in the range of U = 3.0 - 3.5 m/s 
accompanied by lock-in phenomenon, i.e. the vortex shedding 
frequency fv continues to coincide with fn over the velocity 
range, shows the occurrence of Kármán vortex excitation. 
When U is increased beyond this range, the oscillation 
amplitude decreases significantly and fv returns to the value for 
the cylinder at rest, which shows that the Kármán vortex 
excitation ends at around U = 3.5 m/s. When the velocity U is 
further increased, Zrms/d begins to increase again while fv is not 

equal to fn but proportional to U. The oscillation frequency is 
always equal to fn while the cylinder oscillates. These behaviors 
of fv and fn show that cylinder oscillation gradually shifts to 
galloping. However, the flow velocity regions of the Kármán 
vortex excitation and of the galloping can be definitely 
separated. Thus, in the case of Cylinder II with αg = 0, both 
Kármán vortex excitation and galloping occur in their 
respective velocity ranges. 

The oscillation behavior of Cylinder II with “against” or 
“follow” setting is dramatically different from the case of the 
pure cross-flow oscillation (αg = 0). As seen in Fig. 5, the Zrms/d 
of Cylinder II with “against” setting, i.e. αg in-phase with Z, 
traces that of Cylinder II with αg = 0 until U ≈  3.5 m/s, where 
the Kármán vortex excitation is maximum in the case of αg = 0. 
However, Zrms/d continues to increase with U with an almost 
constant slope beyond U ≈  3.5 m/s till the oscillation attains 
the limit of measurement. Throughout the region of large 
oscillation, the cylinder oscillates with its natural frequency fn 
and the vortex shedding frequency fv = fn, showing the 
occurrence of lock-in. Hence the flow velocity regions of 
Kármán vortex excitation and galloping can be no longer 
clearly distinguished by fv and Zrms/d, in the case of in-phase αg. 

In the case of Cylinder II with “follow” setting, in contrast, 
the Kármán vortex excitation is considerably suppressed and 
the lock-in region almost disappears, as seen in Fig. 6. In 
addition, the galloping is also almost completely suppressed. 
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In Figs. 3 - 6, the solid line and broken line or open 
symbols and solid symbols agree well with each other, showing 
that the hysteresis in oscillation behavior is insignificant for 
Cylinders I and II whether αg is superimposed or not. 

Thus, the influence of αg on the oscillation behavior of 
Cylinder II is remarkable and the effects are in contrast 
depending on the phase difference between αg and Z generated 
by the support system. When αg is in-phase with Z, both 
Kármán vortex excitation and galloping are strongly enhanced. 
In contrast, the former is significantly suppressed when αg is 
anti-phase with Z, and the latter is almost entirely suppressed. 
[3] Cylinder III (b/d = 2.0) 

Cylinder III with αg = 0 shows the occurrence of two 
different oscillations with increasing U, i.e. low-velocity 
excitation in the range of U = 1 - 2.5 m/s and galloping in a 
higher velocity range, say U > 5 m/s, as seen by the solid and 
broken lines in Figs. 7 and 8. Kármán vortex excitation does 
not occur since the slenderness is larger than the Kármán vortex 

excitation region [8]. Since the range of U for the low-velocity 
excitation is much lower than the value of U at which fv = fn, the 
mechanism is not resonance with the periodic vortex shedding 
but is rather due to fluid-elastic instability. The galloping 
occurs when U > 5 m/s and the amplitude grows with U at an 
increasing gradient, showing the typical divergent character of 
galloping. When U is decreased, Zrms/d traces the same curve in 
the galloping region but low-velocity excitation is not observed 
at all. This hysteretic behavior of the low-velocity excitation of 
cylinder III is remarkable compared with other excitations 
described in this paper. 

In the case of Cylinder III with “against” setting (Fig. 7), 
the low-velocity excitation completely vanishes, while 
galloping is not affected by the superimposition of αg. In 
contrast, in the case of Cylinder III with “follow” setting (Fig. 
8), the behavior of the low-velocity excitation including 
hysteresis is not affected by the superimposition of αg, while 
galloping occurs at a lower velocity and its amplitude grows 
with U much more rapidly than in the case of αg = 0. 

Results presented in Figs. 3 - 8 show that the influence of 
the superimposition of αg on the oscillation behavior of a 
rectangular cylinder is dramatically different depending on the 
slenderness b/d and the phase difference φ between αg and Z. 
Roughly speaking, αg has only a slight effect on the Kármán 
vortex excitation which appears for Cylinders I and II, i.e. a 
cylinder with slenderness smaller than the maximum value for 
Kármán vortex excitation. The effect of αg on the galloping is 
clearly opposite for Cylinder II and III. When anti-phase αg is 
superimposed, the galloping of Cylinder II is almost removed 
and that of Cylinder III is largely enhanced. 

Flow visualization and lift measurements 
The oscillation behavior differed radically due to the 

superimposition of geometrical attack angle αg depending on 
the slenderness b/d of the rectangular cylinder. For the further 
investigation on Kármán vortex excitation, the influence of 
attack angle α and b/d on the vortex shedding frequency fv was 
measured for Cylinders I, II and III when they were fixed 
rigidly. Since the mechanism of galloping is analyzed based on 
the quasi-steady theory, time-mean lift force measurements 
were also carried out for the stationary cylinders set at an attack 
angle α. 

Vortex shedding frequency fv and time-mean lift 
coefficient LC  are plotted against attack angle α in Figs. 9 and 
10, respectively. Free stream velocity U was fixed at 6 m/s 
during the experiment, the Reynolds number Re being about 
11000. The shading in Fig. 9 shows transition regions of vortex 
shedding for Cylinder III, where fv changes abruptly. 

Vortex shedding frequency fv at α = 0 from a fixed 
rectangular cylinder decreases with increasing b/d, and is 
slightly affected by α when b/d is smaller, as seen in Fig. 9. In 
the cases of Cylinders I and II, fv is practically constant when α 
< 5°, while a transition of fv occurs in the case of Cylinder III in 
the range of the absolute value of α = 2 - 5°. Regular vortex 
shedding is not observed in the transition regions shown by the 
shading in Fig. 9. When α is increased beyond the transition 
region, regular vortex shedding is again established. 
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Figure 10 shows that LC  for all the rectangular cylinders 
has negative slope against α over the region of |α| < 6°, and that 
the absolute value of the slope αdCd L  increases with 

increasing b/d. The sign of αdCd L of Cylinder III changes 
abruptly at α ≈ 6°.  

Visualization photographs with 1 second exposure of flow 
around rectangular cylinders set with α = 6° are shown in Fig. 
11. The water flows from left to right with constant velocity U, 
and Re is about 2600. This value of Re is much lower than that 

in the wind tunnel experiments. However, it is reasonable to 
suppose that the flow pattern in the water flow around a body 
with sharp separation corners simulates well that of its wind 
tunnel counterparts, since the value of Re is high enough to 
make the flow pattern independent of Re. 

Flow visualization photographs showed the influence of 
b/d and α on the behavior of streamline separated from the 
leading edge of the stationary cylinder. The separated 
streamlines of Cylinder I in Fig. 11(a) are almost symmetrical 
between the upper side and the lower side in spite of the 
geometrical asymmetry due to α. In the case of Cylinder II, the 
separated streamline on the lower side moves much closer to 
the body than the corresponding streamline on the upper side, 
as seen in Fig. 11(b). As a result, a net lift force must be 
generated due to asymmetric pressure distribution. In the case 
of Cylinder III, the asymmetry in the separated streamlines is 
even more definite, accompanied by the flow reattachment of 
the lower streamline (Fig. 11(c)). The reattachment of the 
separated streamline is observed steadily when α is larger than 
6°. The above measurements of fv and LC , and observation of 
flow patterns are consistent with the fact that αg little affects the 
Kármán vortex excitation of Cylinders I and II and largely 
affects the galloping of Cylinders II and III. 

CONCLUSIONS 
In this study, the cross-flow oscillation of a rectangular 

cylinder supported by a cantilever plate-spring system was 
investigated using a wind tunnel. Three kinds of supports were 
tested, which introduce different relationships between the 
geometrical attack angle αg and cylinder displacement Z, i.e., i) 
pure cross flow oscillation (αg = 0), ii) the phase difference φ 
between αg and Z is zero (in-phase), and iii) φ = π (anti-phase). 
Three rectangular cylinders with the slenderness of b/d=0.5, 1.0 
and 2.0 were used to investigate the influence of αg on Kármán 
vortex excitation and galloping. 

The effect of attack angle fluctuation due to the cantilever 
support system on oscillation behavior markedly differs among 
the three rectangular cylinders depending on b/d and φ. 

The superimposition of αg has essentially no influence on 
the Kármán vortex excitation irrespective of b/d and φ. The 
velocity range and maximum oscillation amplitude of Kármán 
vortex excitation of Cylinder I (b/d = 0.5) are affected only 
slightly by αg both in the case of φ = 0 and φ = π. In the case of 
Cylinder II (b/d = 1.0), the behavior of Kármán vortex 
excitation is unchanged by the superimposition of αg over the 
range of flow velocity lower than the value for the maximum 
amplitude with αg = 0. Kármán vortex excitation does not occur 
in the case of Cylinder III (b/d = 2.0) for all the case of αg in 
this study. 

In contrast, superimposition of αg has a strong influence on 
the galloping of Cylinder II and III. Galloping does not occur 
on Cylinder I, which has slenderness less than the critical value, 
although the magnitude of αg is comparable with that of the 
relative attack angle αr. 

In the case of Cylinder II with in-phase αg the oscillation 
increases continuously beyond the velocity for the maximum 
amplitude of Kármán vortex excitation with αg = 0, leading to 
galloping much larger than in the case of αg = 0. In contrast, the 

 
(a) b/d = 0.5 

 

 
(b) b/d = 1.0 

 

 
(c) b/d = 2.0 

 
FIG.11 Visualization photographs of flow around 

the rectangular cylinder with angle of 
attack α = 6° (The water flows from left to 
right, Re = 2600) 
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galloping of Cylinder II is suppressed almost completely by 
anti-phase αg. The influence of anti-phase αg on the galloping 
of Cylinder III is opposite to that of Cylinder II, since the onset 
of galloping shifts to a considerably lower velocity and its 
amplitude grows rapidly with the velocity. 

The measurement of the vortex shedding frequency and 
time-mean lift coefficient and the visualization photographs 
seems to support our hypothesis that the geometrical attack 
angle αg causes the greatly varying oscillation behavior of the 
rectangular cylinders supported by cantilever plate spring 
systems. 
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