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Abstract

Flow-induced streamwise oscillation of two tandem circular cylinders has been studied by means of free-oscillation testing in a wind
tunnel. One cylinder was elastically supported so as to allow it to move in the streamwise direction; the other was fixed to the tunnel
sidewalls. Small values of the reduced mass-damping parameter (Cn 6 1) have been considered. When the upstream cylinder is free
to oscillate, there are two excitation regions: the first for reduced velocity, Vr, in the range 1.4 6 Vr 6 2.5 and cylinder gap distance
to diameter ratio, s, between 0.3 and 3, is due to movement-induced excitation accompanied by symmetrical vortex shedding, while
the second, for 2.7 6 Vr 6 3.7 and 1.75 6 s 6 3, is due to vortex excitation by alternate Karman vortex shedding. On the other hand,
the response characteristics when the downstream cylinder is free to oscillate, have an excitation region due to Karman vortex shedding
from the two cylinders, connected by the dead water region between them for 2 6 Vr 6 4 and 0.3 6 s 6 0.75, and it is followed by a sec-
ond excitation region, due to symmetrical vortex shedding, that is limited to 0.75 6 s 6 2. Furthermore an unstable limited cycle oscil-
lation with large amplitude appears for 1 6 s 6 1.25, by giving an initial oscillating displacement to the cylinder. When s is greater than
2.5, the downstream cylinder experiences buffeting.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Flow-induced oscillation of circular cylinders has been
of great interest for many decades and frequently occurs
in a variety of industrial settings: nuclear power plants,
heat exchangers, offshore platforms and so on. If the work-
ing fluid is a liquid such as water, oil or metal sodium at
high temperature, structures with extremely small mass
ratios may be easily induced to oscillate in the streamwise
(in-line) direction at relatively low reduced velocities. For
example, flow-induced oscillation in the streamwise direc-
tion caused damage to a thermometer well and sodium
leakage at ‘‘Monju’’, the Japan Nuclear Cycle Develop-
0142-727X/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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ment Institute’s prototype fast breeder reactor, in 1995
(JSME, 2001; Okajima et al., 2004a).

Vortex shedding from an elastically supported cylinder
can cause the cylinder to oscillate in the cross-flow (trans-
verse), and streamwise directions if there is little structural
damping. In addition, since the value of the mass ratio M,
defined by M = m/qD2 where m is the mass per unit span
length, q is the fluid density and D is the cylinder diameter,
is small in liquid flows, the streamwise oscillation of cylin-
ders may easily occur at low reduced velocity, because the
reduced mass-damping parameter Cn (=2Md, where d is
the logarithmic decrement of the structure damping param-
eter) is small.

There already exist some studies on the streamwise oscil-
lation of circular cylinders. For example, King et al. (1973)
carried out experiments on a flexible cantilevered circular
cylinder beam in a water channel. They reported that
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Nomenclature

Cn Reduced mass-damping parameter, 2Md
D cylinder diameter
fc characteristic frequency of a cylinder
fn natural frequency for vortex shedding from sta-

tionary cylinders
fw wake frequency
M mass ratio, m/qD2

m cylinder mass per unit span length
Re Reynolds number, UD/m
S gap distance between the cylinders
Stc nondimensional characteristic frequency of a

cylinder, fcD/U
Stn wake Strouhal number for a stationary cylinder,

fnD/U

Stw wake Strouhal number, fwD/U
s nondimensional gap distance between the cylin-

ders, S/D
U uniform flow velocity
Vr reduced velocity, U/fcD

Vrcr reduced resonance velocity, U/fnD = 1/Stn

Xrms nondimensional root-mean-square response
amplitude of a cylinder, xrms/D

xrms root-mean-square response amplitude of a cylin-
der

d logarithmic decrement of the structure damping
parameter of a cylinder

m kinematic viscosity of the working fluid
q fluid density
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Fig. 1. Schematic view of a test section for experiment; the downstream
cylinder elastically supported to move in the streamwise direction, is free
to oscillate, while the upstream cylinder is fixed.
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streamwise oscillation of the cylinder occurs with large
amplitude when Cn is less than 1. Streamwise oscillations
occur in two regions near half of the resonance velocity;
the one at lower velocity is termed the first excitation
region, and the one at higher velocity is termed the second
excitation region (King et al., 1973). Recently, in addition
to numerical simulations (Tamura and Okada, 1998;
Nakamura and Okajima, 2001), a number of experimental
studies have been carried out on the streamwise oscillation
of structures in wind tunnels (Okajima et al., 2000) and
water tunnels (Okajima et al., 2004b), in order to evaluate
the critical values of the reduced mass-damping parameter
for streamwise oscillations under the same conditions as
the free-oscillation tests in the cross-flow direction per-
formed by Scruton (1963).

The situation of multiple circular cylinders placed one
behind the other in a flow occurs in many areas of engi-
neering (e.g. aeronautical, hydronautical, civil, offshore)
and is known to lead to flow-induced oscillations (e.g.
Okajima, 1982; Laneville and Brika, 1999; Feenstra et al.,
2003; Assi et al., 2006). In this work, therefore, we study
the streamwise oscillation of an arrangement of two circu-
lar cylinders, by means of free-oscillation testing in a wind
tunnel. First, the upstream cylinder is elastically supported
so as to move in the streamwise direction, while the down-
stream cylinder is fixed; then, the downstream cylinder is
allowed to oscillate, and the upstream cylinder is fixed.
For both configurations, the gap distance between the cyl-
inders is varied, and the response amplitudes of the oscillat-
ing cylinder and the vortex shedding frequency in the wake
are measured. In addition, the smoke-wire method is used
to visualize the flow around the cylinders.

The layout of this paper is as follows. Section 2 presents
an outline of the experimental arrangement. In Section 3,
our results are compared with previous works. Section 4
gives the response characteristics of the upstream cylinder
when it is free to undergo streamwise oscillation, whilst
Section 5 gives results for the case when the downstream
cylinder is free to oscillate. Finally, conclusions are drawn
in Section 6.
2. Experimental arrangement

Experiments were performed in a low-speed and open-
type wind tunnel with a rectangular working section of
300 mm · 1200 mm, as shown in Fig. 1. Two circular cylin-
ders, each with a diameter, D, of 120 mm and made of Sty-
rofoam with smooth surfaces covered by aluminum foil,
were used. The span length of each cylinder was 293 mm,
and the blockage ratio of cylinders in a wind tunnel was
10%. Circular end plates, approximately 240 mm in diame-
ter and 0.5 mm thick, were fixed to both sides of the oscil-
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lating cylinder, so as to reduce the influence of any end-
effects on the flow. The oscillating cylinder was supported
by eight coil springs in order to allow it to move in the
streamwise direction only. The characteristic frequency,
fc, of the oscillating cylinder was found to be 3.85 Hz; this
is used in the definition of the nondimensional value of the
characteristic frequency of a cylinder, Stc = fcD/U, where
U is the wind speed. The reduced mass-damping parameter
(Scruton number) is defined by

Cn ¼ 2md

qD2
¼ 2Md ð1Þ

where m is the equivalent mass of the cylinder per unit
span, q is the air density and d is the logarithmic damping
parameter of the oscillating system. The value of mass ra-
tio, M (=m/qD2) of a tested circular cylinder is evaluated
to be about 160.

Three experimental configurations were considered.
Fig. 2a shows the case where the upstream cylinder, elasti-
cally supported to move in the streamwise direction, is free
to oscillate, while the downstream cylinder is fixed to the
tunnel side-walls, whereas Fig. 2b shows the case where
the downstream cylinder is free to oscillate, while the
upstream cylinder is fixed. The cylinder gap distance to
diameter ratio, s = S/D where S is the gap distance between
the upstream and downstream cylinders, was varied
between 0.3 and 3. Fig. 2c shows an oscillating cylinder,
behind which there is a splitter plate which suppresses the
generation of alternate Karman vortex shedding and pro-
duces symmetrical wake flow (Bearman, 1967). The splitter
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Fig. 2. Arrangement of two tandem circular cylinders and a circular
cylinder with splitter plate: (a) Oscillating upstream cylinder; (b) Oscillat-
ing downstream cylinder; (c) Oscillating cylinder with splitter plate.
plate was made of acrylic and was 0.3 m wide, 1.25 m long
and 5 mm thick.

The response amplitude, xrms, of the oscillating cylinder
was measured using laser displacement detectors, and non-
dimensionalized with the cylinder diameter to give the
dimensionless the root-mean-square amplitude, Xrms.
Other quantities of importance are the reduced velocity,
Vr, and the wake Strouhal number, Stw, defined respec-
tively by

Vr ¼ U
fcD

ð2Þ

Stw ¼
fwD
U

ð3Þ
where fw is the vortex shedding frequency, measured by
hot-wire probes located on the center-line of the gap be-
tween two cylinders and in the wake, as shown in Fig. 2.
In addition, the flow around the cylinders was visualized
by the smoke-wire method, using liquid paraffin smoke.
3. Strouhal numbers for two stationary tandem cylinders

Fig. 3 shows the values of the Strouhal number mea-
sured in the wake behind two stationary tandem cylinders,
Stw (Fig. 2b) for different values of gap distance, s, at Rey-
nolds numbers of Re = (1 � 2) · 104, in comparison with
earlier results for Re = 1.7 · 105 (Okajima, 1979) and
Re = (0.15 � 1.5) · 104 (Ishigai et al., 1972). The present
values of the Strouhal number seem to be close to those
obtained at lower Reynolds numbers. It is apparent that
Stw changes with s, and it is influenced by the Reynolds
number at narrow gap distances less than 1. The values
of Stw change from 0.14 to 0.18 near s = 2.5, and approach
the natural frequency for vortex shedding from a single cyl-
inder, 0.2, while Stw, obtained by the earlier works of Okaj-
ima (blockage ratio, 7.5%) and Ishigai (blockage ratio,
9.1%), has two values around s = 2.8. Effects of the present
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Fig. 3. Strouhal number Stn for two stationary tandem cylinders.



Fig. 4b. Visualized flow pattern at Vr = 2.49 for Cn = 0.99 and s = 0.5.
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blockage, 10% seem to be not so large on Strouhal numbers
for stationary cylinders.

4. Flow-induced streamwise oscillation of the upstream

cylinder

The gap distance to diameter ratio, s, was changed from
0.3 to 3, and the flow-induced streamwise oscillation of the
upstream cylinder was examined. Here, we show typical
results for s = 0.5 (narrow gap) and 2 (wide gap).

4.1. s = 0.5

Fig. 4a shows an example of the response curve of the
streamwise oscillation of the upstream circular cylinder
for s = 0.5. This figure shows the nondimensional response
amplitude, Xrms, and the wake Strouhal number, Stw,
against reduced velocity, Vr, for the reduced mass-damping
parameter Cn = 0.99 (d = 0.0031, M = 160), as well as
comparison with results for a single oscillating cylinder
and an oscillating cylinder with a splitter plate (abbreviated
to SP in Fig. 4a). In this figure, streamwise oscillations
begin to occur near Vr = 1.4, and Xrms increases with Vr
up to a value of 0.053; oscillation-damping first occurs near
Vr = 2.8, and the cylinder ceases to oscillate completely at
Vr = 3.5. Lock-in, i.e. wake Strouhal number, Stw, being
equal to the nondimensional characteristic frequency of a
cylinder, Stc, is found to occur for 1.4 6 Vr 6 3.8.

Fig. 4b shows the visualized flow pattern when the
upstream cylinder oscillates in the streamwise direction at
Vr = 2.49. In this figure, the shear layer separating from
the upstream cylinder clearly rolls up into symmetrical vor-
tices in the gap between the cylinders. It is evident that this
streamwise oscillation is due to movement-induced excita-
tion (Naudasher and Wang, 1993) accompanied by sym-
metrical vortices of characteristic frequency Stc that form
in the gap.
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Fig. 4a. The response amplitude of the upstream cylinder and Strouhal
number versus Vr.
4.2. s = 2

Fig. 5a shows the results of the streamwise oscillation of
the upstream cylinder for s = 2, i.e. when s becomes rela-
tively large. Two excitation regions appear, one for
1.5 6 Vr 6 2.4 and another for 2.9 6Vr 6 3.6, while Xrms

is suppressed to a value smaller than 0.005 for
2.4 6 Vr 6 2.9; these response characteristics are similar
to those of a single cylinder. Fig. 5a also indicates that
the Strouhal frequency equals Stc in the first excitation
region and Stc/2 in the second.

Fig. 5b shows the visualized flow pattern when the
upstream cylinder oscillates in the streamwise direction at
Vr = 2.23 in the first excitation region. In this figure, it is
apparent that two pairs of symmetrical vortices with Strou-
hal number Stc form in the gap between the cylinders.
4.3. 0.3 6 s 6 1.5

Fig. 6a summarizes the response curves of the stream-
wise oscillation of the upstream cylinder for values of s
between 0.3 and 1.5. All curves appear to be similar to
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Fig. 5b. Visualized flow pattern at Vr = 2.23 for Cn = 0.99 and s = 2.
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those for the response characteristics of a cylinder with a
splitter plate, plotted with the symbol D. This implies that
the downstream cylinder prevents alternate vortex shed-
ding, in the same way as a splitter plate does. This oscilla-
tion is due to movement-induced excitation, accompanied
by the formation of symmetrical vortices in the gap in front
of the downstream cylinder.

4.4. 1.75 6 s 6 3

The response curves for values of s between 1.75 and 3
are plotted in Fig. 6b. It is evident that all the response
curves exhibit two excitation regions, and gradually
approach the curve of a single cylinder when s P 1.75.
Thus, the response characteristics of two cylinders change
from one excitation region to two regions for a value of s

between 1.5 and 1.75, while the value of Strouhal number
for two stationary tandem cylinders, changes near
s = 2.5, as shown in Fig. 3. The critical value of s for the
response characteristics is apparently different from that
of the critical value for stationary cylinders.

4.5. The excitation regions of the upstream cylinder

Fig. 7a shows the excitation regions of the upstream cyl-
inder as functions of s and Vr. There are two kinds of exci-



Fig. 8b. Visualized flow pattern at Vr = 3.34 for Cn = 0.95 and s = 0.5.
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tation regions, each due to different oscillation mechanisms:
movement-induced excitation, accompanied by the sym-
metrical vortex shedding, and Karman vortex excitation.
Movement-induced excitation occurs for Vr P 1.4 for the
entire experimental range in s (0.3 6 s 6 3). For 1.75 6
s 6 3, the response characteristics of the upstream cylinder
have two excitation regions; these are associated with
symmetrical vortex shedding and alternate Karman vortex
shedding, similar to the case of a single cylinder.

Fig. 7b summarizes the maximum amplitudes of the
response curves shown in Figs. 6a,6b as a function of s.
For all values of s, the maximum amplitudes seem to be
almost comparable to the peak value (Xrms = 0.05) for a
single cylinder in the first excitation region. The maximum
values of the second region at 2.7 6 Vr 6 3.7 increase with
s. It is evident that the oscillation of the upstream cylinder
is not influenced by the presence of the downstream cylin-
der when s becomes greater than 2.

5. Streamwise oscillation of the downstream cylinder

Here, we show typical results for the streamwise oscilla-
tion of the downstream cylinder, when it is free to oscillate
in the streamwise direction and the upstream cylinder is
fixed. Results are presented for three gap distance ratios:
s = 0.5, 1 and 2.

5.1. s = 0.5

Fig. 8a shows the response curve and Strouhal numbers
for the downstream cylinder for s = 0.5 and Cn = 0.95
(d = 0.0030, M = 160), together with the results for a single
oscillating cylinder. The response curve of only one excita-
tion region with half of the characteristic frequency, Stc/2,
is quite different from those of a single cylinder with two
excitation regions; to emphasize this point, we show in
Fig. 8b a visualized picture for the downstream cylinder
oscillating in the streamwise direction at Vr = 3.34. In this
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Fig. 8a. The response amplitude of the downstream cylinder and Strouhal
number in terms of Vr.
figure, the downstream cylinder oscillates with frequency
Stc/2, locking to alternate Karman vortex shedding from
the two cylinders. Here, it is as if the cylinders and the dead
water region between them form a single body from which
vortex shedding occurs.
5.2. s = 1

It is noteworthy that the response curve and Strouhal
number for the downstream cylinder when s = 1, as shown
in Fig. 9, have two excitation regions: 1.5 6 Vr 6 2 and
3 6 Vr 6 5. The excitation with small amplitude begins to
grow at low reduced velocities; this oscillation is caused
by movement-induced excitation, accompanied by symmet-
rical vortex shedding in the gap and also in the wake
behind the downstream cylinder, as shown in Fig. 10a for
Vr = 1.71. On the other hand, the other excitation with
large amplitude in the high reduced velocity range takes
the form of a so-called unstable limit cycle oscillation
(Okajima, 1982); that is, when the initial oscillating dis-
placement applied to the cylinder is greater than some crit-
ical value (Xrms = 0.02), the amplitude of oscillation
increases, but is damped out otherwise. In the range
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Fig. 11a. The response amplitude of the downstream cylinder and
Strouhal number in terms of Vr.

Fig. 11b. Visualized flow pattern at Vr = 2.64 for Cn = 0.95 and s = 2.0.
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Fig. 10. Visualized flow patterns for Cn = 0.95 and s = 1.0 at (a)
Vr = 1.71, (b) Vr = 3.56: (a) Visualized flow pattern at Vr = 1.71; (b)
Visualized flow pattern at Vr = 3.56.
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3.0 < Vr < 4.0, the vortices shed in the wake lock in to half
of the characteristic frequency. It is apparent from the flow
pattern in Fig. 10b for Vr = 3.56 that the unstable limit
cycle oscillation with large amplitude is induced by the
alternate Karman vortex shedding from the two tandem
cylinders, connected by the dead water region formed in
the gap between them. Giving an initial oscillating displace-
ment to the cylinder promotes the periodic reattachment of
the separated shear layers of the upstream cylinder to the
downstream one, which results in the unstable limit-cycle
oscillation (Okajima, 1982).
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Fig. 12a. The excitation regions of the downstream cylinder as functions
of s and Vr for Cn = 0.95.
5.3. s = 2

Fig. 11a shows the curves of the response amplitude,
Xrms, and Strouhal number, Stw, when s = 2 and the corre-
sponding result for a single cylinder. In this case, there is
one excitation region in the reduced velocity range
2.3 6 Vr 6 3.5; the peak value of the amplitude
(Xrms = 0.05) are similar to those of a single cylinder. The
visualized flow pattern for Vr = 2.64 and s = 2 is shown
in Fig. 11b. This flow pattern is much different from the
alternate Karman vortex patterns shown in Figs. 8b and
10b, and it is rather similar to the symmetrical vortex pat-
tern of Fig. 10a. It may be concluded from the above
results that this oscillation is due to movement-induced
excitation, accompanied by symmetrical vortex shedding.
5.4. The excitation regions of the downstream cylinder

Fig. 12a shows the excitation regions of the downstream
cylinder as a function of s and Vr. The excitation region for
0.3 6 s 6 0.75 is induced by alternate Karman vortex shed-
ding from the two cylinders, while the excitation regions
due to symmetrical vortices are limited to the region for
0.75 6 s 6 2. For sufficiently large initial oscillating dis-
placement of the cylinder, the unstable limit cycle oscilla-
tion for 1 6 s 6 1.25 and 3 < Vr < 4 occurs because of



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00

0.02

0.04

0.06

0.08

0.10

:w

X
rms

s

Symmetrical Vortex Region
Alternate Vortex Region
Unstable Limit=eCycle Oscillation
Buffeting Oscillation

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.00

0.02

0.04

0.06

0.08

0.10

:w

X
rms

s

Symmetrical Vortex Region
Alternate Vortex Region
Unstable Limit - Cycle Oscillation
Buffeting Oscillation

Fig. 12b. The maximum response amplitude of the downstream cylinder
in terms of s for Cn = 0.95.
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alternate Karman vortex shedding from the two cylinders.
When s is greater than 2.5, the downstream cylinder expe-
riences buffeting, as results of wake turbulence and velocity
fluctuations caused by the upstream cylinder. Fig. 12b
shows the maximum response amplitude in the excitation
region as a function of s. When s is less than 1, the alternate
Karman vortex shedding induces this excitation, of which
the maximum amplitudes are twice those for a single cylin-
der. By increasing s from 1 to 2, the amplitude of oscilla-
tion due to the movement-induced excitation gradually
increases from 0.02 for s = 1 to 0.05 for s = 2, while the
amplitude due to the buffeting for 2.5 6 s 6 3, is not so
large.

6. Conclusions

Flow-induced streamwise oscillation of two tandem cir-
cular cylinders was experimentally studied by free-oscilla-
tion testing in a wind tunnel for small values of the
reduced mass-damping parameter (Cn 6 1). One of the cyl-
inders was elastically supported, so that it could move eas-
ily in the streamwise direction, whereas the other was fixed.
The distance between them was varied from 0.3 to 3 diam-
eter lengths. The response amplitudes of the oscillating cyl-
inder in streamwise oscillation and the vortex shedding
frequency in the wake were measured, and the flow around
the cylinders was visualized by the smoke-wire method.
The main conclusions of this study are as follows:

(1) The response characteristics when the upstream cylin-
der is free to oscillate have a wide excitation region in
the reduced velocity (1.4 6 Vr 6 2.5) and the cylinder
gap distance to diameter ratio (0.3 6 s 6 3). This con-
sists of movement-induced excitation accompanied
by symmetrical vortex shedding from the upstream
cylinder, and is promoted by the effect of the down-
stream cylinder, which acts like a splitter plate.
(2) The other excitation region of the upstream cylinder,
which occurs for 2.7 6 Vr 6 3.7 and is due to alter-
nate Karman vortex shedding, appears for values of
s over 1.75 and resembles the streamwise oscillation
of a single cylinder, since the influence of the down-
stream cylinder becomes small.

(3) When the downstream cylinder is free to oscillate,
excitation occurs for 2 6 Vr 6 4 and 0.3 6 s 6 0.75.
The excitation is apparently induced by alternate
Karman vortex shedding from the two cylinders, con-
nected by the dead water region between them.

(4) For the range 1 6 s 6 1.25, the initial oscillating dis-
placement of the downstream cylinder promotes the
periodic reattachment of the separated shear layers
of the upstream cylinder to the downstream one,
which results in an unstable limit-cycle oscillation
with large amplitude.

(5) The other excitation regions attributable to symmet-
rical vortices are limited to the range 0.75 6 s 6 2.
Furthermore, when s is greater than 2.5, the down-
stream cylinder experiences buffeting, as a result of
wake turbulence induced by the upstream cylinder.
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