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TWO CYLINDERS IN TANDEM ARRANGEMENT 

By  HUHE-AODE*, Masakazu TATSUNOt 

and Sadatoshi T ANEDA t 

Wake structure behind two circular cylinders in tandem arrangement 

is investigated experimentally by means of a hot-wire anemometer and 

flow visualization techniques in the range of Reynolds number from 102 

to 103. Spacing between central axes of two cylinders with equal diame-

ter is varied in the range 1. 5<sfd<lO, where s is the spacing and d the 

cylinder diameter. The downstream cylinder is stationary or forced to 

vibrate in the transverse direction at various frequencies and at two 

values of amplitudes of 0. ld and 0. 3d. 

When both cylinders are stationary, the vortex shedding frequency 

measured behind the downstream cylinder changes discontinuously at a 

critical value of spacing for each Reynolds number. The flow visualiza-

tion reveals that different patterns of vortex street appear in the wake 

according to spacings. 
When the downstream cylinder is forced to vibrate sinusoidally at 

frequencies near the Strauhal frequency of vortex shedding for two sta-

tionary cylinders, the vortex shedding is synchronized with the vibra-

tions of the cylinder. At two ends of the synchronization region, the 

elongation and contraction phenomena of vortex streets can be seen 

even at small oscillation amplitudes. 

Key words: Two cylinders in tandem, Oscillations, Vortex street, 

Flow visualization 

Nomenclature 

d : cylinder diameter 

U : velocity of main stream 

s : separated spacing between centers of two cylinders 

凡： Reynoldsnumber 

/, : oscillation frequency of downstream cylinder 
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S, : fcd/U 
a : oscillation amplitude of downstream cylinder 
/,. : frequency of vortex shedding 

ふ： Strouhalnumber, fvd/U 
L : longitudinal distance between successive vortices 

1. Introduction 

When a single cylinder performs transverse vibrations in a uniform 
flow, the vortex shedding is synchronized with the vibrations of the cyl-
inder at frequencies near the Strouhal frequency of vortex shedding 
for the stationary cylinder1H>. 

On the other hand, wake interaction causes dramatic changes in 
the lift and drag acting on two cylinders in close proximity to each 
other, and most investigations dealing with this problem were reviewed 
by ZdravkovichS) for two stationary cylinders in various arrangements. 

Now, when two cylinders are arranged in tandem and the down-
stream cylinder is vibrated transversely, the interaction between the vi-
brating cylinder and the wake flow has been investigated by several 
researchers12i~15>. For example, Tanida et al13>. measured the vortex 

shedding frequencies and the drag and lift forces acting on each cylin-
der for different separation gaps. 

There are a number of relatively complex problems related to the 
mechanism of vortex formation. Then, further visual studies about 
vortex street structure behind two cylinders are practically and funda-
mentally important. 

Present investigation is in two aspects; 
(1) the study of the discontinuous changes in the vortex shedding 

frequencies, 
(2) the study of effects of the Reynolds number, the separated 

spacing, the oscillation frequency of the cylinder and the 
amplitude of the cylinder on the vortex street structure 
around the synchronization region. 

2. Experimental Apparatus and Methods 

The experiments were carried out in a water tank 0. 4 m wide, 0. 4 m 
deep and 4 m long and equipped with a towing carriage, as shown in 
Fig. 1. The carriage speed was varied between 1. 27 and 15 cm/sec in 
order to perform the experiments at Re= 102, 3 X 102 and 103. 

Two well polished brass circular cylinders with diameter of 1. 0 cm 
and length of 30 cm were arranged in tandem. The upstream cylinder 

mounted vertically on the carriage was held stationary. The down-
stream cylinder was attached to the vibrating apparatus fixed on the car-
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Fig. 1 Experimental apparatus. 

riage. The amplitude of the oscillating cylinder was equal to 0. 1 or 0. 3 
diameter length. The separating spacing between centers of two cyl-

inders was varied in the range 1. 5 < s/ d < 10. The vortex shedding 
frequencies were detected with a hot-wire anemometer located about 5 
diameters apart from the downstream cylinder. 

The vortex street was made visible by two kinds of electrolytic 
methods16>. In the electrolytic precipitation method used for the flow 
at Re= 102, the middle portions of the surfaces of test cylinders were 

coated with solder and a white colloidal cloud produced from solder 
electrochemically was used as a visual tracer. On the other hand, the 
hydrogen-bubble method was used to visualize the flow field at Re= 
3 x 102. The tracer generating wire made of tungsten was placed ahead 
of the upstream cylinder. A slide projector was used in order to illu-
minate the horizontal thin plane of the flow field through the trans-

parent side wall of the tank, and photographs of vortex street were 

taken with Nikon camera. 

3. Experimental Results 

3. 1. Case of both cylinders at rest 

The vortex shedding frequencies behind the downstream cylinder at 
凡 ＝102, 3 x 102 and 103 are plotted in Fig. 2, together with other re-
sults10) 11) 17l 18). The discontinuous change in values of Strouhal numbers 
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Fig. 2 Strouhal number of vortex shedding behind the downstream cylinder 

in tandem arrangement. 
Present study: O, R, = 102;△， R,=3x102;口， R.=103,Igarashi:●， 
R.=8.SxlO凡Ishigaiet al.：▲， R, =8. 0 / 103, Kiya et al.: (), R, = 1. 58 
X 10', Oka et al.:[1，R,=8.8x10又

of vortex shedding appears in the range 4.5<sld<5 at Re=l02, 
3.5<sld<4.0 at R,=3Xl02 and 3.0<sld<3.5 at R,=103, respectively, 
as seen in Fig. 2. The value of critical spacing becomes small according 
as the Reynolds number grows large. Present results obtained at R戸

103 are supported by results of Kiya10>, Igarashi11'and Oka1•>. Beyond the 

critical spacing, the Strauhal number approaches the value of a single 
cylinder as the spacing increases. In the case of R, = 103, however, 
the Strauhal number begins to decrease again beyond about 8 diameters 

spacmg. 
Figure 3 shows the changes in the flow pattern of vortex street 

with increasing the separated spacing at R, = 102. At values of spacing 
less than the critical one, twin recirculation regions are formed be-
hind the downstream cylinder and the wake is in sinusoidal oscillations 

until about several diameters downstream. When s/d=3. 0, the wake 
oscillates smoothly and the vortex street does not appear in the visible 
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(a) s/d=l.5 

(b) s/d=3.0 

(c) s/d=4.0 

Fig. 3 Vortex street behind two stationary cylinders at R11=10互
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(d) s/d=6.0 

Fig. 3 (continued) 

(a) s/d=3.0 

(b)-1 s/d=3.0 

Fig. 4 Flow patterns in the gap between two cylinders at Ra=lO互
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(b)-2 s/d=3. 0 

(c) s/d=4.0 

Fig. 4 (continued). 

part of the photograph, as seen in Fig. 3 (b). It indicates that the 

vortex formation region grows large with the spacing and is obviously 
longer than that for a single cylinder. This singular phenomenon may 
be explained through examining the flow pattern in the gap between 
the two cylinders, as shown in Fig. 4. Figure 4 (a) shows the flow 

pattern in the gap corresponding to the vortex street seen in Fig. 3(b). 
It will be seen from this figure that twin recirculations are formed in 
the gap and the flow which separates from the upstream cylinder does 
not reattach to the downstream cylinder. At the same separated 
spacing, however, another flow pattern was observed, as seen in Fig. 
4 (b). In this case, the flows which separate from the right and left 
sides of the upstream cylinder reattach to the downstream cylinder 
alternately, and the vortex formation region behind the downstream 

cylinder decreases. At s/d=4, the flows separated from the upstream 
cylinder begin to roll up alternately, and then reattach to the down-
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stream cylinder. In this case, the vortex formation region decreases in 
size (see Fig. 3 (c)). When the spacing is further increased, two full 

developed streets are formed behind each of cylinders. 

Flow patterns of vortex street at Ra= 3 x 102 are shown in Fig. 5. 

The vortex street is regular at small separated spacings. At the upper 

critical spacing, however, the vortex street is distorted, as seen in Fig. 

5 (d). At spacings over the upper critical one, the entire wake turns 

into turbulent vortex street with some distinct periodicity (Fig. 5 (e)). 

It is well known that the wake behind a single cylinder is turbulent at 

凡＝3x 102. In the case of two cylinders in tandem, however, the 

transition of the wake to turbulent flows may be suppressed at spacings 

below than a certain value. 

3. 2. Case of downstream cylinder oscillating transversely 

The vortex shedding frequencies measured at a/d=O. 3 and at two 
values of Reynolds numbers are plotted in Fig. 6. As be seen from 

(a) s/d=l.5 

(b) s/d=2.0 

Fig. 5 Vortex street behind two stationary cylinders at Re=3xl0互
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(c) s/d=3. 0 

(d) s/d=4.0 

(e) s/d=6. 0 

Fig. 5 (continued). 
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(b) R,=103: 0, s/d=l.5;△， s/d=3. 0；●， s/d=6. 0 

Fig. 6 Ratio of cylinder oscillation and vortex shedding frequencies at 

a/d=O. 3. 
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this figure, the vortex shedding is synchronized with the vibrations of 
the cylinder at spacings smaller than a certain value. At s/d=l. 5, the 

synchronization region extends over the range 0. 09 < S, < 0. 2 at Re= 10' 
and 0. 1 < S, < 0. 25 at Re=3 X 102 and 10', respectively. If the amplitude 
is decreased to 0. 1 d, the synchronization region shrinks to the range 
0.11くふく 0.22at Re=3Xl02. It is evident that the synchronization 
region decreases as the spacing increases. When Re=lO', the synchroni-
zation disappears at s/d=6, but it can be still observed at s/d=6 for 
凡＝10'. In view of the present result, the synchronization region be-

comes large with increasing the amplitude, with decreasing the spacing 
or with increasing the Reynolds number. 

Figure 7 shows several photographs of the vortex street at R戸

10> a/d=O. 3 and s/d= 1. 5. It shows that the vortex street is regular at 
small frequencies. When the oscillation frequency increases to the 
value corresponding to S, =0. 076, a pair of symmetric vortices are 
formed in the near wake, and the wake develops into an alternate vor-
tex street in the downstream direction (Fig. 7 (b)). When the down-
stream cylinder is oscillated at the lower end frequency of the synchro-
nization region, two vortices of same sign are formed successively in 
each half cycle of oscillations (Fig. 7 (c)). Subsequently, they coalesce 
into the alternate vortex street. In the synchronization region, the 
vortex street gets regular and the lateral spacing between two rows 
becomes narrower. At S, =0. 19, the upper end of the synchronization 
region, the vortex street, at first, is regular, but becomes unstable and 
the wake grows wider downstream. The flow pattern at high oscilla-
tion frequency of S, =0. 38 becomes to be similar to that at small 
frequency of S, =0. 038. At the same time, it is noted that the flow 
pattern in the gap between two cylinders in each case is similar to 
each other. 

Figure 8 shows the vortex street at Re= 3 X 102 and a/ d= 0. 3. The 
pattern of vortex street is unstable and irregular at the frequency of the 
lower end of the synchronization region, as seen in Fig. 8 (b). In the 
synchronization region, the pattern of the vortex street is regular and 
maintained stable downstream. Furthermore, the ratio of the lateral 
spacing between two rows to the longitudinal distance between succes-
sive vortices in the same row becomes large as increasing the oscilla-
tion frequency. At the upper end of the synchronization region, the 
regular vortex street appears in the near wake, but it turns into ir-

regular pattern in the downstream direction. 

Figure 9 shows the vortex street at a large value of S" a/d=O. 3 
and s/d= 1. 5. In this case, the values of凡 anda/d are equal to that 
of Fig. 8, but the value of s/d is larger than that of Fig. 8. The vortex 
street shows a strange pattern. One counterclockwise, one clockwise 
and another small counterclockwise vortices are shed in every two cy-

11 
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(a) Sc=0.038, Sc/Sv=0.32 

(b) Sc=0.076, Sc/Sv=0.63 

(C) S,=0. 1, Sc/Sv=l. 0 

Fig. 7 Changes in vortex street in the case of downstream cylinder 

oscillating at R,=102, a/d=O. 3 and. s/d=l. 5. 
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(d) Sc=0.178, Sc/Su=l.0 

(e) Sc=0.19, Sc/S,,=l.0 

(f) Sc=O. 38, Sc／ふ ＝3.0

Fig. 7 (continued). 
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(a) ふ＝0.07, S,/Sv=O. 5 

(b) Sc=0.12, Sc/Sv=l.0 

(c) Sc=0.175, Sc/Sv=l.0 

Fig. 8 Changes in vortex street in the case of downstream cylinder 

oscillating at Rc=3Xl02, a/d=0.3 and s/d=l.0. 
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(d) Sc=0.22, Sc/S.=1.0 

(e) S,=0.24 

Fig. 8 (continued). 

Fig. 9 V ortex street in the case of downstream cylinder oscillating at 

R,=3xl02, a/d=0.3 and s/d=l.5. 

S,=0. 32, S,/Sv=2. 0 
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cles of the cylinder oscillation, and these three vortices are arranged in 

a vertical line as they move downstream. 

Several photographs of vortex streets are shown in Fig. 10 at small 

oscillation amplitude and R, = 3 x 102. They show the similar changes 

in patterns to that at large amplitude. 

The measured values of longitudinal vortex spacings are plotted 

against Sc at Re= 102 and 3 X 102 in Fig. 11. The vortex spacing becomes 

irregular and reaches the highest value at the lower end of the syn-

chronization region. Subsequently, it decreases monotonically with the 

oscillation frequencies in the synchronization region, and reaches the 

minimum value at the upper end of that region. When the oscillation 

frequency is just beyond the upper end value of the synchronization 

region, the longitudinal vortex spacing discontinuously increases and 

then reaches a fixed value for each value of s/ d and Re. It is noted 

in Fig. 11 that the longitudinal vortex spacing at Re= 3 x 102 is smaller 

(a) Sc=O 

(b) Sc=0.14, Sc/Su=l.0 

Fig. 10 Changes in vortex street in the case of downstream cylinder 
oscillating at Re=3xl02, a/d=O. l and s/d=l. 5, 
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(c) Sc=0.187, Sc/S,,=1.0 

(d) Sc=0.25, SJS,=1.0 

(e) Sc=0.382, Sc/S,=2.0 

Fig. 10 (continued). 
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Fig. 11 Variation of the longitudinal vortex spacing in the case of 
downstream cylinder oscillating at a/d=O. 3. 

R圧 102:O, s/d=l.5;△， s/d=4. 0;◇， s/d=6.0; R,=3Xl02: 
● s/d=l.5. 

than that at Re=102 except in the synchronization region where the 
vortex spacing is insensitive to the Reynolds number. 

Figure 12 reveals that the oscillation amplitude does not affect great-
ly the longitudinal vortex spacing. 

4. Conclusions 

Experimental investigations of the vortex street behind two cylinders 
in tandem arrangement were carried out using the flow visualization 
techniques and the hot-wire anemometers. 

(1) Case of both cylinders at rest 
Discontinuous phenomena in vortex shedding frequencies appear in 

the range 4.5<sld<5 at Re=l02, 3.5<sld<4.0 at R,=3Xl02 and 
3. 0 <s!d< 3. 5 at R,=103, respectively. 

Vortex streets show different patterns at each value of s/d. Fur-
thermore, the transition to turbulent wakes is suppressed in the case 
of two cylinders in tandem. 
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Fig. 12 Variation of the longitudinal vortex spacing in the case of 

downstream cylinder oscillating at Re=3xl02. 

●; a/d=O. 1; 0, a/d=O. 3. 

(2) Case of downstream cylinder oscillating transversely 
When the downstream cylinder performs sinusoidal oscillations at 

frequencies near the Strouhal frequency of vortex shedding for. two 
stationary cylinders, the vortex shedding is synchronized with the cyl-
inder oscillations. The synchronization region shrinks when the value 
of s/d increases or when a/d decreases. The patterns of vortex streets 
are regular in the synchronization region, but considerably irregular at 

both the lower and the upper ends of that region. 
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