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Two Tandem Cylinders in a Flow

(1) Statistic Characteristics of High Reynolds Numbers

(2) Aeroelastic Characteristics
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Roughed Circular Cylinders
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Side by Side Cylinders in a Flow

(1) Statistic Characteristics
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Figure 4. Flow palierns around two circular cylinders in the side-by-side arrangement al var-
ious spacing ratios [11, 23].

(A) T/D = 1.125 (instantaneous low).

(B) TID=15 (instantaneous flow).

(B) TID=15 (time-mean llow).

(C) TMb=3 (instantaneous low).
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Conference on Modelling Fluid Flow (CMFF -6)
The 13th International Conference on Fluid Flow Technologies
Budapest, Hungary, September 6-9, 2006

Flow-Induced In-Line Oscillation of Two
Circular Cylinders in Tandem Arrangement

Atsushi OKAJIMA,
Professor, Kanazawa-Gakuin College

and

Satoru YASUI, Takahiro KIWATA, and Shigeo KIMURA
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tandem arrangement, flow visualization

I would like to talk about Flow-Induced In-Line
Oscillation of Two Circular Cylinders in Tandem
Arrangement.
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Two Tandem Cylinders

(2) Aeroelastic
Characteristics

~O O
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FUNDAMENTAL DATA : Strouhal Numbers of Two

Stationary Cylinders in Tandem Arrangement

0.30

0.2579

0.051

0.00

Re=1.0 X 10*
Re=1.5 % 10*

n

L ]
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—— Re=1.7% 105 [OKAJIMA]
_______ Re=1.5X 103 ~10*[IMAITI]

| X |
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0.0

0.5

1.0

1.5 20 g25 30 35

Strouhal number changes with spreading the gap-distance and is influenced by Reynolds number

(6) And also we show the results of the Strouhal number
behind two stationary cylinders in tandem arrangement
against the gap-distance as the fundamental data of two
tandem cylinders. You can see that the Strouhal number
changes with spreading the gap-distance and 1s influenced
by Reynolds number, also.
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RESULTS: Flow-Induced In-Line Oscillation
of the Upstream Cylinder

]‘??

The upstream cylinder is free for in-line oscillation and the downstream
cylinderis fixed.

(8) Well we present experimental results when the
upstream cylinder is free for in-line oscillation and the
downstream cylinder is fixed.
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Visualized flow-pattern (Vr=2.36) - (Single)
around two cylinders with narrow |_._ " (5,
gap distance s= 0.3 s St, (s=0.3)

0.08

I . 0.30

St /4 ©St/2

0.00 4 4 : :
0 1 2 3 4

It is noted that the amplitude of an upstream cylinder in tandem arrangement is larger
or more dangerous than that of a single cylinder.

(9) This figure shows an example of the response curve of
the in-line oscillation of the upstream cylinder for the
narrow gap distance of 0.3. This figure shows response
amplitude and the Strouhal number of a wake against
reduced velocity, compared with the results for a single
cylinder. You will find only one excitation region, which
is different from two excitation regions for a single
cylinder. We present a visualized animation for the
upstream cylinder oscillating at reduced velocity 2.36,
You can see, the shear layer separating from the upstream
cylinder clearly rolls up into symmetrical vortices in the
gap-field. It is evident that this in-line oscillation is

induced by the symmetric vortices formed in the gap-
field.
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Visualized flow-pattern (Vr= 2.49) Ens (Single)
around two cylinders with narrow —~— & (s=05)
gap distance s = 0.5 s St, (s=0.5)
| ———
0.08 T - . 0.30
T gg _0'2-\
0.5D| 5
"/’—\ o
-0.155{11.
-0.10
-0.05
L‘=ﬁ-0.00
4
The downstream cylinder works like a splitter plate.

(10) This figure also shows another example of the
response curve and the Strouhal number of the upstream
cylinder oscillating for the narrow gap distance of 0.5.
You can see a single excitation region like this. And we
present a visualized animation for the upstream cylinder
oscillating at reduced velocity 2.49. It is evident that this
in-line oscillation i1s induced by the symmetric vortices
formed in the gap-field.

31



In-Line Oscillation of the Upstream Cylinder for

Narrow Gap Distances, s=0.3 ~ 1.5 __ ¢, ..
—— 5=0.3
—— 5=1.0
—— =15
0.07 - T T T Single with S.P.
0.06 Cn = 0.99 -
0.05 4 1
0.04 1
g?'?h‘j
0.03 4 _
0.02 _
0.014 i
0.00 b
0 3 4

And it is noted that the maximum amplitudes of a cylinder with a splitter plate and two

tandem cylinders, all are larger than that of a single cylinder.

(11) This figure summarizes the response characteristics
of the in-line oscillation of the upstream cylinder for the
narrow gaps from 0.3 to 1.5. This is the response curve of
a single cylinder. This is for a cylinder having a splitter
plate. The gap distance changes into 0.3, 0.5, 1.0 and 1.5.

You can see all response curves are similar to the

response-characteristics of a cylinder with a splitter plate.

It means that downstream cylinder works as a splitter

plate.
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In-Line Oscillation of the Upstream Cylinder for

Wide Gap Distances, s=1.75 ~
— Single
—— 5s=1.75
—— =20
00? T T T T T —— S=2.5 —
‘;;rlrrs — s=3.0
L.-' 4_;)
0.06 - - N\ P - , Cn=099
0.05 4 s
A 1|
0.04 4 .
£
EJ'HLS d
0.03 - -
0.024 -
0.01 - -
0.00 — =
0 4

(12)The response curves for the wide gap distances from
1.75 to 3 are presented here.

It 1s evident that all the response curves gradually
approach that of a single cylinder with spreading gap
distance over 1.75.
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Map of Excitation Regions of Upstream Cylinder as
Functions of Gap Distance s and Reduced Velocity Vr

—e— Symmetrical Vortex Region

—o— Alternate Vortex Region
Cn=0.99 e,
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25- | mechanisms; that s,

o movement-induced
2.04: 4 excitation and vortex-

Vr ] excitation.
1.5+ &
| - Excitation regions

1.0 1 4 approach to those

. | Excitation induced by symmetric vortex-shedding | ©f @ single cylinder
0.5+ 7 with increasing

1 gap-distance

0 O T Ll T T

T T
WlthSPOO O“\ 1.0 15 20 25 3.0 SingleCylinder
Gap Distance S

(13) Then we try to make a map of excitation regions of
the upstream cylinder as functions of gap distance and
reduced velocity. We can see two kinds of excitation
regions due to different oscillation mechanisms; that is,
symmetric vortices and alternate vortices. Excitation
induced by symmetric vortex-shedding appears at all
experimental gaps. The excitation of the upstream
cylinder with wide gap have two kinds of excitation
mechanisms; that is, movement-induced excitation and
vortex-excitation. These characteristics approach to that
of the single cylinder with increasing gap-distance over
1.75.
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RESULTS : Flow-Induced In-Line Oscillation
of the Downstream Cylinder

E
Srms
|

Q

S | D

The downstream cylinder is free for in-line oscillation and the upstream
cylinderis fixed.

(14) Next we present the results when the downstream
cylinder is free for in-line oscillation and the upstream
cylinder is fixed.
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Visualized flow-pattern (Vr = 2.4 and Zre (Single)
3.42) around two cylinders with — £ (5=03)
narrow gap distance s = 0.3 M :g';w (s=0.3)

0.10 0.35

¥ T L T
Cn = 095
Src/4

St /2
$

'y

1|

(15)This figure shows the response curve and Strouhal
numbers of the downstream cylinder with narrow gap
distance ratio of 0.3. The response characteristics has two
kinds of excitation regions, so we show visualized
animation of the downstream cylinder oscillating at
reduced velocity of 2.4. You can see an oscillation of the
downstream cylinder induced by a symmetric vortex-
shedding. And we show the other visualized pictures at
different and high velocity of 3.42. At this velocity, it’s
certified that a downstream cylinder oscillates due to the
alternate Karman vortex shedding.
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Visualized flow-pattern (Vr=3.44) [ - (Single)
around two cylinders with gap g (s=0.5)
distance s =0.5 a St, (s=0.5)

S R
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St/A  St/2 ’ 030

1 ! T ¥ T T 035

' S ff\ St

wE
L

St

w

(16)We show the response curve and Strouhal numbers
of the downstream cylinder with narrow gap of 0.5, also
and a visualized animation at the reduced velocity of 3.44.
In this figure, a downstream cylinder oscillates with half
the Strouhal frequency, locking to alternate Karman
vortex shedding.




Visualized flow-pattern (Vr = 1.71 and 3.56) Z :
- & N —  oms (Single)
around two cylinders with gap distance1 |, . ",

+ St (s=1.0)
————0235

= -O- @) 030

-0.25

0.00 '
0 1
It’s due to movement-induced excitation,

accompanied with symmetric vortex-shedding

(17)You will note that the response curve of the
downstream cylinder with middle gap distance of 1, has
two excitation regions; that is, the reduced velocities are
from 1.5 to 2 and from 3 to 5. You will find that the
excitation of small amplitude at low reduced velocity of
1.71, 1s due to the movement-induced excitation,
accompanied with symmetrical vortex-shedding. On the
other hand, the animation at high velocity 3.56 shows that
this excitation with a large amplitude is induced by
alternate Karman vortex shedding like this.
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Map of Excitation regions of downstream cylinder as
functions of gap distance s and reduced velocit! Vr

6.0 ] ' ' ' ' ) e —e— Symmetrical Vortex Region
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(18)Finally, excitation regions of the downstream
cylinder are mapped against gap distance and reduced
velocity. We classify the excitation region as three
regions, namely,

1R:Excitation of very narrow gap is induced by alternate
Karman vortex shedding accompanied with unstable
limit-cycle oscillation.

2R:Excitation due to symmetrical vortices is limited to
the regions of middle gap-distance from 0.75 to 2.

3R:Downstream cylinder experiences a buffeting
phenomenon in the case of wide gap over 2.
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CONCLUSIONS

Flow-induced in-line oscillation of two tandem circular cylinders was experimentally
studied by free-oscillation testing in a wind tunnel. We carried out two kinds of free-
oscillation tests of two tandem cylinders. We measured the response amplitudes
and the Strouhal frequency as functions of the gap distance. The flow around the
cylinders was visualized by the smoke-wire method, also.

(1) The in-line oscillation induced by symmetric vortex shedding of
the upstream cylinder appears in all experimental ranges of gap.
At wide gap-ratios s = 2 to 3, the other excitation of Vr=3to 3.5 is
induced by alternate Karman vortex shedding like a single cylinder.

(2) The in-line excitation of the downstream cylinder is confirmed to be
induced by alternate Karman vortex shedding for the narrow gap
distances s = 0.3 to 0.75, and the other excitation due to symmetric
vortices are limited to gap distances of s = 0.75 to 2.

Furthermore, the downstream cylinder experiences a buffeting
phenomenon by wake-fluctuation of the upstream cylinder, when
the gap distance is greater than 2.5.

(19)Flow-induced in-line oscillation of two tandem
circular cylinders was experimentally studied by free-
oscillation testing in a wind tunnel. We carried out two
kinds of free-oscillation tests of two tandem cylinders.

(1) The in-line oscillation induced by symmetrical vortex
shedding of the wupstream cylinder appears in all
experimental range of a gap.

At wide gap-ratios S = 2 to 3, the other excitation of VI =
3 to 3.5 is induced by alternate Karman vortex shedding
like a single cylinder.

(2) The in-line excitation of the downstream cylinder is
confirmed to be induced by alternate Karman vortex
shedding for the narrow gap distance s = 0.3 to 0.75, and
the other excitation due to symmetrical vortices are
limited to gap distance ratios s = 0.75 to 2.
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Furthermore, the downstream cylinder experiences a buffeting
phenomenon by wake-fluctuation of the upstream cylinder,
when the gap distance is greater than s = 2.5.
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(1) Thank you, Mr. Chairman.

I would like to talk about flow-induced streamwise oscillation of two square
cylinders in tandem arrangement.
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PREVIOUS STUDIES : Flow-Induced Streamwise
Oscillation of a Square Cylinder
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(2) As fundamental information, I’ll show you results of response amplitude for a
single square cylinder obtained by the previous studies. The streamwise
oscillations occur in two regions near half of the resonance velocity; the one at
lower velocity is termed the first excitation region due to symmetrical vortices,
and the other excitation at high velocities is termed the second excitation region
due to alternate Karman vortices.
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PREVIOUS STUDIES : Flow-Induced Oscillation of a
Square Cylinder with a Splitter Plate
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(3) When we insert a splitter plate in the wake of a square cylinder, the response
amplitudes of the streamwise oscillation are plotted with the green line. Since
the splitter plate works to suppress the generation of alternate
Karman vortex-shedding, this excitation is apparently due to the
movement-induced excitation accompanied by symmetrical vortices.
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INTRODUCTION : Strouhal Numbers of
Two Stationary Cylinders

St,
in Tandem Arrangement : . X
ol
B S | B
020 —m—F——7——-7—"T
015 reattached flow s¢parated flow
': ] § ; 1 :. : EE: :
0.104 4 T -
St A
n & Sr,f(lst)} )
= X
q - (2nd) Re=1.0X10
0.051 ® S1(lst) I
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A
0.00 — —T — 1 Sr"(lSt)} Re=2.0x 104
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(4) We show the results of the Strouhal number behind two stationary cylinders in
tandem arrangement against the gap-distance as the fundamental data of two
tandem cylinders. You can see that the Strouhal number changes with spreading
the gap-distance. The values of the Strouhal number seem to be close, slightly
influenced by the Reynolds number. Only at these gap distances, the values of
Strouhal number scatter, since the flow pattern changes from a reattached flow to

a separated flow.
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PARAMETERS FOR FLOW-INDUCED OSCILLATION

U p - Fluid mass density

U .
Reduced velocity Vr= 121 ’ :
: JeH H 'f;
Critical reduced v U
velocity Ter=
° fnH
Reduced H : Cylinder height
. uf:e iiall - 2mé f. :Characteristic frequency of a cylinder
damping parameter Cn= 3
pPH™L S :Natural vortex shedding frequency
R : fi tati lind
Non-dimensional gap or a stalionary cyfncer
distance between two g i Jf.. :Frequency of a wake
cylinders H L :Span length of a cylinder
- - - m : Mass of a cylinder per unit span length
Non-dimensional ) _ ‘
response amplitudeof | y  _ Yrms U : Uniform flow velocity
a cylinder 1ms H X,.; - Root-mean square response amplitude
_ of a cylinder
Strouhal Number of 1 H & : Logarithmic decrement of the structure
Vortex-Shedding St,, = ~2— damping parameter of a cylinder

(5) When we carried out free-oscillation tests of two square cylinders in tandem
arrangement, the reduced velocity, the critical reduced velocity, the reduced
mass-damping parameter Cn and the gap distance S between the upstream and
downstream cylinders, are important parameters.So we measured the non-

dimensional response amplitudes and Strouhal number of the vortex-shedding as
the experimental results.
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Schematic View of a Test Section for Experiments

7
ot-wire probes
o1l springs \
Q . L]
e 1§ I 1200 mm
- H
— “ (Width ; 300 mm)
- Fa H\
Oscillating cylinder Fixed cylinder

7

The first case: the upstream cylinder elastically supported to move in the streamwise direction,
is free to oscillate, while the downstream cylinder is fixed.

(6) Well I’ll show a schematic view of a test section for experiments: In this case,
the upstream cylinder elastically supported to move in the streamwise direction,
is free to oscillate, while the downstream cylinder is fixed.
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Upstream cylinder of two square |
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e A
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(7) I’'ll show an example of the response curve of the streamwise oscillation of
the upstream cylinder for narrow gap distance 0.5. Streamwise oscillations begin
to occur near Vr = 2.7, and the amplitude changes along the curve of the cylinder
with a splitter plate with increasing the reduced velocity, and still the value of
amplitude abruptly grows up to a maximum value of about 0.08. It is noted that
this response curve is quite different from that of the cylinder with a splitter plate
for this region. Why this excitation occurs, having very large amplitudes.
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(8) Then we tried to curry out some additional experiments: (1) This response
curve is for the case of two tandem cylinders. This curve is for the case of
inserting a splitter plate, and when we employed a T- type splitter, this curve is
very similar with that of two tandem cylinders. So, I’ll show the visualized
animations for each case: It is evident that the flows of case 1 and 3 seem to be
almost similar, and you can see the wake approaches the side surfaces of the
downstream cylinder or the edges of T- type splitter, which produces a narrow
wake, while you can see the symmetrical vortices of the case 2 is comparatively
wide. However, the excitation of all cases is due to movement-induced excitation
accompanied by the symmetrical vortices.
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When we give an initial oscillating displacement to the cylinder in this region, the initial oscillation promotes the formation
of the alternate vortex shedding like this. -=------- Unstable limit-cycle oscillation

(9) This figure is the results of the upstream cylinder for a gap distance
1. There are separately two excitation regions.The response curve of
the first excitation region is very similar to that of the cylinder with a
splitter plate. So we show the visualized animations when the upstream
cylinder oscillates in this region. A pair of symmetrical vortices form in the gap.
And you can find the other excitation, that is called to be an unstable
limit-cycle-oscillation. When we give an initial oscillating displacement
to the cylinder in this region, the initial oscillation promotes the
formation of the alternate vortex shedding, which results in
establishing of the so-called unstable limit-cycle oscillation.
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It is apparent that the alternate Karman vortex-shedding is formed in the gap.

(10) This is the results of the streamwise oscillation of the upstream cylinder,
when the gap distance becomes relatively wide, that is 2.5. Only one excitation
region appears. The visualized animation shows that the upstream cylinder
oscillates in the streamwise direction at VI = 4.28, and it is apparent that the
alternate Karman vortex-shedding is formed in the gap between the cylinders.

51



Map of Excitation Regions of Upstream Cylinder as
Functions of Gap Distance s and Reduced Velocity Vr

m 1. Movement-induced
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cylinder.
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1 increases, excitation
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Vr 304

3. Theunstable limitcycle

] 1 oscillation occurs when
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G alds 9% 14 L3 20 2> 30 Sigh given to the cylinder.
\\?ith S.P. S/H model

(11) Then we try to make a map of excitation regions of the upstream cylinder as
functions of gap distance and reduced velocity. There are three excitation regions.

(1st Region)Movement-induced excitation occurs accompanied by the formation
of symmetrical vortices in the gap in front of the downstream cylinder.

(2nd Region) When the gap distance increases, oscillation occurs due to the
alternate vortex-shedding.

(Last Region) The unstable limit cycle oscillation occurs when an initial
displacement is given to the cylinder.
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RESULTS : Flow-Induced Streamwise
Oscillation of the Downstream Cylinder

The downstream cylinder is free for streamwise oscillation and the
upstream cylinder is fixed.

(12) Next we present the results when the downstream cylinder is free for
streamwise oscillation and the upstream cylinder is fixed.
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Downstream cylinder of two
square cylinders with narrow

St

o ¢ .
ey S/H=0.5
X

2
rms  Square

0.20

-0.15

L 0.10 St

w

-0.05

0.00

2

5 Wr 6

s
B

The downstream cylinder oscillates due to the alternate Karman vortex-shedding from two cylinders.

(13) We show the response curve of the downstream cylinder for narrow gap
distance, 0.5. You can find only one excitation region is quite different from those
of a single cylinder; Then, we show a visualized picture for the downstream
cylinder oscillating in the streamwise direction. The downstream cylinder
oscillates due to the alternate Karman vortex-shedding from two cylinders.
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Map of excitation regions of downstream cylinder as functions

of gap distance s and reduced velocity
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The excitation region for
the narrow gap distances
is induced by the
alternate Karman vortex
shedding from the two
tandem cylinders.

When s is greaterthan 1,
the downstreamcylinder
experiences buffeting
oscillation.

(14) Finally, we show a map of excitation regions of the downstream
cylinder against gap distance and reduced velocity.

(1)The excitation region for the narrow gap distances is induced by the
alternate Karman vortex shedding from the two tandem cylinders,

connected by the dead water region like this.

(2) When s is greater than 1, the downstream cylinder experiences buffeting

oscillation.
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__CONCLUSIONS

1. When the upstream cylinder is free to oscillate, there are two
excitationregions: the first region is due to the movement-induced
excitation accompanied by the symmetrical vortex shedding, while
the second region is due to the vortex excitation by the alternate
Karman vortex shedding accompanied with the unstable limit-cycle
oscillation.

2. Forthe range of high velocity, the initial displacement of the up-
stream cylinder promotes the periodic reattachment of the separated
shear layers of the upstream cylinder to the downstream one, which
results in establishing of the unstable limit-cycle oscillation.

3. Forwide gaps over 2.5, the excitation region of the upstream cylinder
occurs, being due to the alternate Karman vortex shedding, and it
resembles the streamwise oscillation of a single cylinder, since the
influence of the downstream cylinder becomes small.

4. When the downstreamcylinder is free to oscillate for the narrow gap
distance, this excitation is apparently induced by the alternate
Karman vortex-shedding from the two cylinders

5. When the gap-distance is greater than 1, the downstream cylinder
experiences buffeting by wake fluctuation of the upstream cylinder.

(15)Flow-induced in-line oscillation of two tandem circular cylinders was
experimentally studied by free-oscillation testing in a wind tunnel. We carried
out two kinds of free-oscillation tests of two tandem cylinders.

1. When the upstream cylinder is free to oscillate, there are two
excitation regions: the first region is due to the movement-
induced excitation accompanied by the symmetrical vortex
shedding, while the second is due to the vortex excitation by
the alternate Karman vortex shedding accompanied with the
unstable limit-cycle oscillation.

2. For the range of high velocity, the initial displacement of the
up-stream 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 with large amplitude.

3. For wide gaps over 2.5, the excitation region of the upstream
cylinder occurs, being due to the alternate Karman vortex
shedding, and it resembles the streamwise oscillation of a
single cylinder, since the influence of the downstream cylinder
becomes small.

4. When the downstream cylinder is free to oscillate for the
narrow gap distance, this excitation is apparently induced by
the alternate Karman vortex-shedding from the two cylinders
connected by the dead water region between them.

5. When the gap-distance is greater than 1, the downstream
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cylinder experiences buffeting by wake fluctuation of the upstream
cylinder.
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