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Abstract

The effect of free-stream turbulence on vortex-induced vibration of two side-by-side elastic cylinders in a cross-flow

was investigated experimentally. A turbulence generation grid was used to generate turbulent incoming flow with

turbulence intensity around 10%. Cylinder displacements in the transverse direction at cylinder mid-span were

measured in the reduced velocity range 1.45oUr0o12.08, corresponding to a range of Reynolds number (Re), based on

the mean free-stream velocity and the diameter of the cylinder, between Re ¼ 5000–41 000. The focus of the study is on

the regime of biased gap flow, where two cylinders with pitch ratio (T/D) varying from 1.17 to 1.90 are considered.

Results show that the free-stream turbulence effect is to enhance the vortex-induced force, thus to restore the large-

amplitude vibration associated with the lock-in resonance. However, the enhancement is significant at a different

Strouhal number (St) for different pitch ratios. When the spacing between two cylinders is relatively small (1.17o
T/Do1.50), the enhancement is significant at StE0.1. When the spacing is increased, the Strouhal number at which the

enhancement is significant shifts to StE0.16. This enlarges the range of reduced velocity to be concerned. An energy

analysis showed that free-stream turbulence feeds energy to the cylinder at multiple frequencies of vortex shedding.

Therefore, the lock-in region is still of main concern when the approach flow is turbulent.

r 2007 Elsevier Ltd. All rights reserved.
1. Introduction

It is well known that flow-induced vibrations of bluff bodies in a cross-flow is affected by a host of excitations; chief

among them are instability-induced excitation, movement-induced excitation, and extraneously-induced excitation

(Naudascher and Rockwell, 1994). In the context of external flow-induced vibration and instability of bluff bodies,

these excitations are associated with the vortex-induced force, the motion-dependent force, and the turbulence-induced

buffeting force, respectively. The buffeting force is present as long as there is free-stream turbulence in the oncoming

flow and is not dependent on the motion of the bluff bodies (So and Savkar, 1981). This effect is derived from the flow

around the bluff bodies and the behavior in the wakes. For example, in the case of a flow past a single cylinder, a strong

effect of free-stream turbulence is observed in the states of transition of the wake, the shear layers, and the boundary

layers (Zdravkovich, 1997). Consequently, free-stream turbulence promotes critical transition at a Reynolds number

(Re) lower than that for a nonturbulent uniform flow. Here, Re ¼ UND/n is usually defined, where UN is the mean
e front matter r 2007 Elsevier Ltd. All rights reserved.
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free-stream velocity, D is the hydraulic diameter of the bluff bodies, and n is the fluid kinematic viscosity. Experimental

measurements of the behavior of the mean drag coefficient C̄D versus Re reveal that the Re at which the drag crisis

occurs is reduced as free-stream turbulence increases (So and Savkar, 1981). Free-stream turbulence, therefore, has a

significant effect on the buffeting force and hence the vibration behavior of the bluff bodies. Moreover, it has been

found that free-stream turbulence enhances the vortex-induced force in the range enclosing the lock-in resonance

region, and enhances the motion-dependent force in the range of relatively large reduced velocity, Ur0 ¼ U1=f �n0D

(So et al., 2007), where f �n0 is the dimensional natural frequency of the cylinder in still air.

In the case of two side-by-side cylinders, the situation becomes more complex due to the presence of wake

interference when the cylinders are in close proximity to each other. The interference could affect vortex shedding from

the two cylinders and the associated flow-induced forces. The extent of the interference effect depends on many

parameters; the more important of these is the pitch ratio, T/D, where T is the separation distance measured between

cylinder centers. This flow interference behavior has been investigated by numerous researchers; recent reviews have

been provided by Chen (1986), Wradlaw (1994), and Zdravkovich (2003).

When the two cylinders are stationary, the interference behavior can be classified according to T/D (Zdravkovich,

2003). For a finite range of Re, two coupled vortex streets are observed in the first regime where T/D is moderate, i.e.,

2.3oT/Do4. The two vortex streets have the same shedding frequency but are coupled in an out-of-phase mode. In the

second regime which covers the range 1.1oT/Do2.3, a biased gap flow pattern appears. The third regime is

characterized by two strongly coupled wakes which behave like the wake behind a single bluff body. The T/D in this

regime is given by T/Do1.1. This classification still holds when the two cylinders are freely vibrating due to the

excitation of flow-induced forces, except that the T/D values separating these regimes are slightly modified.

Extensive studies have been carried out to investigate wake interference patterns associated with the biased gap flow,

experimentally and numerically (Bearman and Wadcock, 1973; Kim and Durbin, 1988; Chang and Song, 1990; Slaouti

and Stansby, 1992; Ng et al., 1997; Sumner et al., 1997, 1999; Guillaume and LaRue, 1999, 2003; Meneghini et al., 2001;

Chen et al., 2003; Jester and Kallinderis, 2003). The most noteworthy feature is that the biased gap flow induces

multiple frequencies of vortex shedding, giving rise to Strouhal numbers (St) around 0.1 and 0.3, associated with a wide

wake behind one cylinder and a narrow wake behind the other, respectively. Here, St ¼ f �s D=U1 is defined, where f �s is

the dimensional vortex shedding frequency. The biased gap flow is usually considered to be bistable, intermittently

changing from one side to the other. However, Williamson (1985) showed that there also exist three St values around

0.1, 0.2, and 0.3, respectively. In a recent study, Alam et al. (2003) showed that there exists an intermediate wake

pattern, where the direction of the gap flow is parallel to that of the free stream and the corresponding value of St is

around 0.2.

The Reynolds number appears to play an important role in the appearance of the biased gap flow. Through a

theoretical analysis of wake behavior in the range of Re ¼ 90–150 and T/D ¼ 1.6–3.3, Peschard and Le Gal (1996)

showed that increasing Re has the same effect as increasing T/D. Xu et al. (2003) experimentally investigated the effect

of Re on the dominant frequencies of the flow velocity in the range of Re ¼ 150–14 300 and T/D ¼ 1.2–1.6. For a given

T/D, one single vortex street was found at low Re, which is associated with one single dominant frequency in the

flow velocity. As Re increases, the wake begins to transition to a behavior characterized by two asymmetric vortex

streets associated with two dominant frequencies in the flow velocity. The transition was conjectured to be due to the

fact that the gap flow breaks up a small closed wake (arising from the near-wall effect) when Re exceeds a critical value,

leading to two (one narrow and one wide) asymmetric vortex streets in the wake. Through numerical simulations, Wang

et al. (2007) showed that there exists a critical value of Re, at which the wake transits from stable-biased gap flow to

unstable gap flow, giving rise to nonstationary vortex-induced forces. For the pitch ratio T/D ¼ 1.7, the critical Re is

around 100.

The effects of the biased gap flow on vortex-induced forces acting on the structures and subsequent structural

responses have not been fully understood. Ichioka et al. (1997) investigated the fluid–elastic vibration of two rigid

circular cylinders at Re ¼ 1000 for T/D ¼ 1.5. The two cylinders vibrate in a reverse phase mode. There is only one

dominant frequency due to synchronization with the natural frequency of the cylinder. However, there is another

frequency peak associated with each cylinder. Zhou et al. (2001) experimentally investigated the interference behavior of

two fixed–fixed elastic cylinders in a cross-flow. Three pitch ratios, T/D ¼ 1.13, 1.7, and 3.0, were studied. It is shown

that cylinder vibrations are essentially out-of-phase at T/D ¼ 3.0, while in-phase at T/D ¼ 1.13. A significant finding is

that synchronization occurs at several reduced velocities, corresponding to the first several natural frequencies of the

system. So and Wang (2003) used a finite element method to simulate flow-induced vibration of two side-by-side

cylinders with T/D ¼ 1.7 in cross-flows at Re ¼ 800. The method of short-time Fourier transform was used to

investigate nonstationary features of the flow-induced forces and the corresponding cylinder vibrations. It was shown

that three different types of power spectrum exist, i.e.: type A, a spectrum with a single dominant frequency occurring

at St ¼ 0.2; type B, a spectrum with two dominant frequencies occurring at St ¼ 0.1 and 0.2 or St ¼ 0.2 and 0.3; and
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type C, a spectrum with three dominant frequencies occurring at St ¼ 0.1, 0.2, and 0.3. These three types of spectrum

appear intermittently in a random way.

The mechanism of the biased gap flow has not been fully understood. In the literature, a physical interpretation has

been proposed by Peschard and Le Gal (1996), where the wake interference was modeled by a pair of coupled Landau

equations, and the biased gap flow was shown to be one of the features of Hopf bifurcations. However, this model was

only applicable to a range of low Reynolds numbers (Reo150), hence more work covering a wider range of Re needs to

be carried out to investigate the effect of Re on this biased gap flow behavior. Since free-stream turbulence has a

significant effect on the wake flow in the single cylinder case, it could have an influence on the biased gap flow in the

two-cylinder flow case also. An experimental study that aims to investigate the influence of free-stream turbulence on

the features of cylinder vibrations and fluctuating lift force coefficients in the regime of biased gap flow could contribute

to further the understanding of biased gap flow.

It is in this spirit that the present study proposes to investigate flow-induced vibration of two side-by-side elastic

cylinders in a nonturbulent uniform and a turbulent approach flow. The objective of the study is to further understand

the effect of wake interference on flow-induced vibrations in the regime of biased gap flow under the influence of a

nonturbulent uniform or a turbulent approach flow. This is important to many branches of engineering, such as in the

design of heat exchangers, nuclear reactors, offshore drilling platforms, and overhead transmission lines.

Understanding of this interaction behavior in complex flow environments could help the design of these engineering

systems to avoid operating too close to any resonance or instability regions.

As such, the present study is an extension of a previous study on flow-induced vibration of a single elastic cylinder in

turbulent approach flow (So et al., 2007). In the experiments, the range of Re investigated varies from 5� 103 to

4.1� 104, and the pitch ratio increases from 1.17 to 1.90, thus straddling the biased gap flow regime. A turbulence

generation grid is used to generate homogeneous, isotropic turbulence in the approach flow. The turbulence intensity as

determined from the flow velocity measured using a laser Doppler anemometer (LDA) is approximately 10%. In the

experiments, the two cylinders are fixed at their ends and are allowed to freely vibrate in a turbulent cross-flow. The

vibration displacement at cylinder mid-span in the cross-flow direction is measured using a laser vibrometer.

Comparison with previous one-cylinder experimental results is presented to demonstrate the effect of wake interference.

Extensive data analysis is carried out to investigate the effect of free-stream turbulence on the amplitude of cylinder

vibration and on the dominant frequencies.

2. Experimental set-up

The experimental set-up is essentially identical to that used for the study of flow-induced vibration of one single

cylinder in a turbulent cross-flow (So et al., 2007). Use of this identical facility would allow the present two-cylinder

data to be compared with the previously obtained one-cylinder results. A brief description of the experimental set-up is

given here; the readers may refer to So et al. (2007) for further details.

2.1. Wind tunnel and turbulence generation grid

Experiments were carried out in a closed loop wind tunnel. A sketch of the experimental set-up is shown in Fig. 1(a).

The wind tunnel has a 2400mm long test section with a 600mm� 600mm cross section. The free-stream velocity UN of

the approach flow can be continuously varied from 0 to 40m/s. In the experiment, a turbulence generation grid was

installed at the exit of the contraction section to generate homogeneous, isotropic turbulence in the test section. A grid

of the square mesh type (Fig. 1(b)) was adopted. The dimensions of the grid are dg ¼ 20mm and lg ¼ 50mm. When the

turbulence generation grid is installed, the maximum possible UN is reduced to 25m/s.

The turbulence intensity of the approach flow, Tu, was determined from the measured flow velocities using an LDA.

It is found that Tu is approximately 10% for the Re range studied. The distributions of the mean flow velocity and the

turbulent intensity across the cross-section of the test section were checked, showing that the grid-generated turbulent

flow is homogeneous over the range of Re investigated.

2.2. Cylinder model

Two identical acrylic tubes are used as the elastic cylinder model. The outer and inner diameters of the tube are

D ¼ 30mm and d ¼ 26mm, respectively; thus the aspect ratio is 20, while the blockage ratio will vary with the pitch

ratio, T/D. Based on D ¼ 30mm, the range of Re varies from 5000 to 41 000. The reduced velocity Ur0 ¼ U1=f �n0D,

based on the fundamental natural frequency of the cylinder in still air f �n0, varies from 1.45 to 12.08.
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Table 1

Properties of the elastic cylinder model

Cylinder material D (mm) M (kg/m) EI (Nm2) Mr f �n (Hz) zs

Acrylic 30 0.208 11.8 195.5 69 0.12

xg= 6 lg

T x

y

Test

SectionTurbulence Grid

Contraction

1

2

dg

lg

Fig. 1. Illustration of the wind tunnel with turbulence generation grid installed: (a) wind tunnel and (b) turbulence generation grid.
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The cylinder model was horizontally mounted in the mid-plane of the test-section and 300mm downstream from the

exit plane of the contraction (also the turbulence generation grid when it was installed). The two cylinders were

arranged side-by-side, and the pitch ratio, T/D, was varied from 1.13 to 1.90. Both ends of the cylinders were clamped

to the walls of the wind tunnel. Natural frequency and damping ratio of the cylinder model in still air were measured

by the method of impulse excitation, thus giving f �n0 ¼ 69 Hz and a structural damping ratio zs ¼ 0.120, respectively.

The properties of the cylinder model are summarized in Table 1.

In the present experiment, the pitch ratio range investigated is 1.13pT/Dp1.9. Therefore, the blockage ratio for

T/D ¼ 1.9 is 10% because the two cylinders are wide enough apart to behave like two separate cylinders. For

T/D ¼ 1.13, the blockage ratio is �10.6% because the two cylinders are close enough to behave like a single bluff body.

Compared with similar two-cylinder cases studied in the literature, e.g., in the study of Zhou et al. (2001), the blockage

is 3.4% and in Xu et al. (2003) the blockage is 13.3%; the present blockage ratio lies within the range of 3.34–13.3%.

Furthermore, in the study of So and Savkar (1981) on a single cylinder in a nonturbulent and a turbulent cross-flow, the

effect of blockage was investigated and compared to data in the literature (Wieselsberger, 1923; Richter and

Naudascher, 1976). The blockage range examined varies from zero to 32%. In their study, the result showed that

increasing the blockage ratio does not change the behavior of the mean drag curve versus Re. However, the magnitude

of the mean drag increases with increasing Re in the subcritical regime, and the Re at which transition to the critical

range takes place is pushed backward as blockage increases. Therefore, it is reasonable to assume that the 10% or so

blockage will not affect the characteristics of the biased gap flow and the effect of free-stream turbulence on the biased

gap flow could still be discerned with the present experimental set-up.
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2.3. Measurement of cylinder vibrations

In the experiment, UN was increased from 3 to 25m/s, and cylinder displacement at the mid-span of two cylinders

was measured using a vibration testing system, for a number of mean velocities when the turbulence generation grid was

absent or present. In the system, the vibration signal was picked up by a laser vibrometer (Polytec, Model OFV 3001)

and conditioned by a charge amplifier. Afterwards, the signal was sampled by the LabView system and recorded in a

personal computer. The measurements are nondimensionalized with respect to UN and D for further analysis.

Preliminary spectral analysis of the measured data showed that there exists an extremely low-frequency component

(close to f ¼ 0, where f is the dimensionless frequency) at some reduced velocities. This component is due to the direct-

current (DC) shift of the laser vibrometer and should be eliminated in order to obtain true information about the

amplitude of vibration due to fluid flow. Furthermore, there are some low-frequency components around f ¼ 0.05.

They could be attributed to the vibration and the end effect of wind tunnel walls (Shirakashi et al., 1985), thus these

low-frequency components should also be filtered.

Consequently, a filter based on continuous wavelet transform (CWT) is applied to the measured data to filter out the

low-frequency components. In the present preliminary data processing, the CWT-based filter is applied to the measured

cylinder displacements with the low frequency bound set at flow ¼ 0.0009E0 and the high frequency bound set at

fupE0.05, i.e., a band-pass filter is actually used with a high cut-off frequency set at around 0.05.
3. Results and discussion

The primary quantity measured in the experiment is the vibration displacement at mid-span of the two cylinders with

five pitch ratios, T/D ¼ 1.17, 1.30, 1.50, 1.70, and 1.90, for both nonturbulent and turbulent free-stream flow

conditions. For each value of T/D, cylinder vibration at 12 different values of reduced velocity, in the range of

Ur0 ¼ 1.45–12.08, are studied. The effect of wake interference on the vibration displacement is analyzed first. This is

followed by an analysis of the free-stream turbulence effect by comparing with the results of the one-cylinder case.

Hereafter, the terminology ‘‘two-cylinder’’ and ‘‘one-cylinder’’ are used to denote the present and previous (So et al.,

2007) experiments. A further energy analysis is carried out to explore how the energy is transmitted from the turbulent

flow to cylinder vibration.

3.1. Wake interference effect on flow-induced vibration

The measured data for the case of nonturbulent oncoming flow is analyzed first. The root-mean-square (r.m.s.) values

of the mid-span displacements of the two cylinders are calculated as a function of Ur0, and the results are shown in

Fig. 2. The results for the one-cylinder case, where the cylinder structural properties are identical to those of the two-

cylinder case, are also given for comparison.

At each of the five pitch ratios investigated, the two cylinders show similar behavior, as seen from Fig. 2. When

T/Do1.50 (Figs. 2(a)–(c)), the vibration level of each cylinder is significantly reduced due to wake interference, as

compared to the one-cylinder case. In particular, the abrupt increment of vibration due to the lock-in resonance as in

the one-cylinder case is not observed; the cylinder vibration appears to be almost constant in the range of Ur0 studied.

When T/D is increased to 1.70, the vibration level becomes high in the range of large Ur0 (Ur049.18). From Fig. 2(d), it

can be seen that the r.m.s. value of displacement of Cylinder 1 (the upper one shown in Fig. 1(a)) becomes even higher

than that of a single cylinder. When T/D ¼ 1.90, the vibration level drops in the range of large Ur0, but increases in the

range of 5.31oUr0o7.25 (Fig. 2(e)). This is usually the region of lock-in resonance for a single cylinder; hence, it is

possible that the behavior begins to approach that of the one-cylinder case at this T/D value. It should be noted that,

when the spacing between the two cylinders is large (T/D42.3), the two cylinders behave like two coupled single

cylinders whose vibration displacements are out-of-phase, i.e., the phase difference between them is p. At T/D ¼ 1.90,

the phase difference between the displacements of the two cylinders is calculated and found to vary with Ur0 in the range

of 0.37p–0.43p. For the other four values of T/D, the phase difference is similar, except that the variation of phase

difference is slightly increased to the range of 0.36p–0.48p.
Spectral analysis of cylinder displacement data is carried out using the program provided by the MATLAB signal-

processing toolbox, in order to understand the above behavior further. The calculated power spectral density (PSD)

functions for all five T/D values are shown in Fig. 3. Each PSD function is normalized so that its integration over the

frequency domain gives the square of the r.m.s. value of the displacement. It is found that the two cylinders vibrate at

multiple frequencies of vortex shedding in response to the vortex-induced force, and at the fundamental natural
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Fig. 2. The root-mean-square values of cylinder displacement for various pitch ratios. (a) T/D ¼ 1.17; (b) T/D ¼ 1.30; (c) T/D ¼ 1.50;

(d) T/D ¼ 1.70; and (e) T/D ¼ 1.90. The subscript in w0y (the label on the vertical axis of all panels in Fig. 2) denotes cylinder number.
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frequency of the cylinder. It should be noted that the natural frequency of the cylinder is affected by the surrounding

fluid flow, hence is different from that of a cylinder in still air. It is more appropriate to consider this natural frequency

as that of the fluid–cylinder system, denoted by f �n in order to differentiate from its counterpart in still air, f �n0.

In dimensionless form, they are represented by f n ¼ f �nD=U1 and f n0 ¼ f �n0D=U1, respectively. The appearance

of cylinder vibration at fn implies the existence of a negative fluid-damping force, which feeds energy to the cylinder

to compensate for energy dissipation due to positive structural damping. As a result, a steady cylinder vibration

is maintained at the natural frequency of the fluid–cylinder system, fn. In the following, the components of

cylinder vibration due to the vortex-induced excitation and the fluid-damping force are denoted by wyV and wyM,

respectively.

The multiple frequencies of vortex shedding, St, and the natural frequency of the fluid–cylinder system, fn, are

identified from the results of spectral analysis and plotted in Fig. 4 as a function of Ur0 for all five T/D values. In these

figures, the dominant frequencies are marked by solid symbols. For convenience of discussion, the variation of the

fundamental natural frequency of the cylinders in still air, fn0, is plotted as a dashed curve, and three straight solid lines

corresponding to f ¼ 0.1, 0.2, and 0.3 are also shown.

A common feature of the two-cylinder behavior at all five T/D values is that the component wyV is dominant in the

low Ur0 range, where St has a single value in general but decreases with Ur0 (also Re) from StE0.3 toE0.1. There exists

a transition value of Ur0, at which St becomes multiple-valued and the component wyM becomes significant. This feature

is consistent with that of two stationary cylinders (Xu et al., 2003), but appears more complex due to the influence of

cylinder vibration. The behavior after the transition is different for different T/D values, and will be discussed

individually as follows.

At T/D ¼ 1.17, the transition occurs at Ur0 ¼ 3.38 (Re ¼ 11 570), where St changes from a single value around 0.1 to

triple values around 0.1, 0.2, and 0.3. At this transition point, wyM becomes as dominant as wyV for Cylinder 1, and

more dominant than wyV for Cylinder 2. Afterwards, cylinder vibration is dominated by wyM in general. In the range of

4.35oUr0o7.25, St has double values, one around 0.1 and the other complies with fn. When Ur0 increases to the range

9.18oUr0o11.11, the lower St diminishes and the higher St coincides with fn. However, the induced cylinder vibration

is not significant. At Ur0 ¼ 12.08, St E0.1 and is separated from fn.

At T/D ¼ 1.30, the transition occurs at Ur0 ¼ 5.31 (Re ¼ 18 182) for Cylinder 1 and 4.35 (Re ¼ 14 876) for Cylinder

2, where St changes from a single value around 0.1 to double values around 0.1 and 0.3. Different from the case of

T/D ¼ 1.17, wyV is dominant after the transition in the range of 5.31oUr0o6.28, at StE0.3. Afterwards, both wyV and

wyM are dominant in the range of 7.25oUr0o9.18, then wyV becomes dominant again in the range of

10.15oUr0o12.08. This implies that the contribution of wyM is not as significant as for T/D ¼ 1.17. The behavior

at T/D ¼ 1.50 is similar to that at T/D ¼ 1.30, except that St and fn are very close to each other in the range of

7.25oUr0o9.18. This might explain why the amplitude of cylinder vibration has an increment in this range, as

compared with the case of T/D ¼ 1.30.

When the pitch ratio is increased to T/D ¼ 1.70, the transition occurs at Ur0 ¼ 3.38, where St changes from a single

value around 0.2 to double values around 0.1 and 0.3. Afterwards, the behavior appears to be similar to that at

T/D ¼ 1.50. However, a careful inspection shows that the frequency of cylinder vibration at T/D ¼ 1.70 is closer to the

curve of fn0, particularly in the range of 9.18oUr0o12.08. This suggests that cylinder vibration is more relevant to the

fluid damping force.

At T/D ¼ 1.90, the transition occurs earlier, at Ur0 ¼ 2.42, where a single St value around 0.2 changes to double

values around 0.2 and 0.3, then further develops to triple values around 0.1, 0.2, and 0.3 at Ur0 ¼ 3.38, and it changes

back to double values around 0.1 and 0.3 at Ur0 ¼ 4.35. In the range of 2.42oUr0o4.35, vibration associated with the

lower St dominates in Cylinder 1, while that with the higher St dominates in Cylinder 2. This is a typical response of the

cylinders to the excitation arising from biased gap flow. At Ur0 ¼ 5.31, vibrations of both cylinders become dominated

by the higher St around 0.3, where St and fn coincide and vibration level becomes high. The coincidence happens again

at Ur0 ¼ 8.21 and 9.18, where St shifts to around 0.2, giving rise to another region of high-level vibration. In the range

of 10.15oUr0o12.08, wyM becomes dominant.

3.2. Turbulence effect on flow-induced vibration

The same procedure of data analysis is applied to the measured data for the case of turbulent approach flow to study

free-stream turbulence effect on flow-induced vibration. The r.m.s. values of the mid-span displacements of the two

cylinders are calculated as function of Ur0, and the results are displayed in Fig. 5.

For the one-cylinder case, it has been shown that the effect of free-stream turbulence is to promote wyV in the lock-in

resonance region and wyM in the region of large Ur0 (So et al., 2007). For the present two-cylinder case, the values of Ur0

at which the enhancement is significant are identified from Fig. 5 and listed in Table 2. It can be seen that free-stream
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turbulence still enhances cylinder vibration, but at different Ur0 values for different T/D. This will be discussed in detail

along with the results of spectral analysis in the following.

The results of spectral analysis of cylinder displacement data are plotted in Fig. 6. Each PSD function is normalized

so that its integration along the frequency domain gives the square of the r.m.s. value. Same as the case of nonturbulent

approach flow, the two cylinders vibrate at multiple frequencies of vortex shedding in response to the vortex-induced

force, and at the fundamental natural frequency of the fluid–cylinder system due to the fluid-damping force.
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Variations of these frequencies with Ur0 are plotted in Fig. 7 for all five T/D values, where the dominant frequencies

are marked by solid symbols. Again, the variation of fn0 is plotted as a dashed curve. In addition, three straight solid

lines, corresponding to f ¼ 0.1, 0.2, and 0.3, respectively, are also shown.
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Table 2

Values of Ur0 at which the enhancement of cylinder vibration due to free-stream turbulence is significant

T/D Ur0 f0 ¼ 1/Ur0

1.17 9.18 0.11

1.30 11.11 0.09

1.50 12.08 0.08

1.70 7.25, 10.15 0.14, 0.10

1.90 6.28 0.16

X.Q. Wang et al. / Journal of Fluids and Structures 24 (2008) 664–679674
At T/D ¼ 1.17 and 1.30, free-stream turbulence promotes cylinder vibration at Ur0 ¼ 9.18 and 11.11, corresponding

to f0 ¼ 0.11 and 0.09, respectively. At T/D ¼ 1.17, the peak amplitude of cylinder vibration is only about 1
3
or less of

that in the one-cylinder case. At T/D ¼ 1.30, the peak amplitude of cylinder vibration is higher and is in the same level

as that in the one-cylinder case.

The results of spectral analysis are similar for T/D ¼ 1.17 and 1.30, as seen from Figs. 7(a) and (b). In the low Ur0

range, wyV is dominant, and St is of single value, varying from 0.3 to 0.1 when Ur0 increases from 1.45 to 3.38. At

Ur0 ¼ 4.35, St undergoes a transition from single-value around 0.1 to double-value around 0.1 and 0.3. The cylinder

vibration is dominated by wyV until Ur0 ¼ 5.31. However, St changes to a single value around 0.2. Afterwards, the

contribution of wyM begins to increase so that both wyV and wyM are dominant in the range of 6.28oUr0o8.21. When

Ur0 increases further, St and fn coincide, resulting in the resonance peak at Ur0 ¼ 9.18 for T/D ¼ 1.17 and at

Ur0 ¼ 11.11 for T/D ¼ 1.30. This suggests that the two cylinders behave like a single bluff body with StE0.1 when the

pitch ratio is small. As a result, cylinder vibration due to vortex-induced lock-in resonance is significant, and would be

an issue to be considered for two side-by-side cylinders in a turbulent flow environment.

At T/D ¼ 1.50, the vibration amplitude of Cylinder 1 increases with Ur0 and reaches a maximum value at

Ur0 ¼ 12.08, which corresponds to f0 ¼ 0.08, while that of Cylinder 2 increases with Ur0 and reaches a maximum value

as early as at Ur0 ¼ 9.18 (f0 ¼ 0.11), then it becomes almost constant.

At T/D ¼ 1.50, the results are different from the cases of T/D ¼ 1.17 and 1.30; the enhancement of wyV is not very

significant, as seen from the results of spectral analysis shown in Fig. 7(c). The behavior of the PSD functions in the low

Ur0 range is similar to that for T/D ¼ 1.17 and 1.30. In the range of 5.31oUr0o8.21, however, St and fn appear to be

closer to each other, and both wyV and wyM are dominant. This could explain the increment of vibration level in this

range. Afterwards, wyM becomes dominant in cylinder vibration in the range of 9.18oUr0o12.08. Overall, the

enhancement is at the natural frequency of the fluid–cylinder system rather than at the frequencies of vortex shedding.

At T/D ¼ 1.70, two resonance peaks are observed at Ur0 ¼ 7.25 and 10.15, corresponding to f0 ¼ 0.14 and 0.10,

respectively; the former being more pronounced for Cylinder 1 while the latter more pronounced for Cylinder 2. This

could be attributed to the complex situation of vortex shedding, as seen from the results of spectral analysis shown in

Fig. 7(d). It can be seen that St and fn coincide in two ranges, one in 5.31oUr0o6.28 and another in 9.18oUr0o12.08,

giving rise to large vibration amplitudes. In between, at Ur0 ¼ 8.21, wyM is dominant but wyV is present also, and St

takes on triple values. This implies that free-stream turbulence promotes vortex-induced vibration at two Strouhal

numbers for the two cylinders with this T/D value.

At T/D ¼ 1.90, the behavior of the two cylinders is similar to that of a single cylinder, except that the vibration

peak occurs at Ur0 ¼ 6.28, which corresponds to f0 ¼ 0.16. Moreover, the maximum amplitude of vibration of

Cylinder 1 is approximately identical to that of a single cylinder, while that of Cylinder 2 is larger by about 1
3
. For this

T/D value, the results of spectral analysis are shown in Fig. 7(e). It can be seen that the range where St and fn coincide is

shifted to 4.35oUr0o6.28. In the low Ur0 range, wyV is dominant while St is essentially around 0.2. In the large Ur0

range, wyM becomes dominant, while St is still around 0.2. Therefore, the behavior is very similar to that of the one-

cylinder case.

3.3. Turbulence effect from the energy point of view

When turbulent fluctuations are present in the mean flow, energy imparted to the fluid–cylinder system is increased if

the mean flow velocity remains unchanged. In general, whether the energy is transmitted to the cylinder or extracted

from the cylinder, and how much this energy transmission might be, depends on the nature of cylinder vibration. This

can be demonstrated by comparing the energies of the cylinder for the nonturbulent and turbulent flow cases. The

energies of the cylinders can be studied by examining the ratio of increment of displacement squared, which can be
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defined as

rwi ¼
w02ti � w02ui

w02ui

; i ¼ 1; 2,

where w0ui and w0ti are r.m.s. values of the displacement for nonturbulent and turbulent flow, respectively; the subscript

numbers i ¼ 1 and 2 represent the upper and the lower cylinders (Fig. 1(a)), respectively. The displacement squared is
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an indicator of kinetic energy for the two cylinders, and its behavior is consistent with that of the total energy (So et al.,

2007).

For all five T/D values, the results of rwi are plotted against Ur0 in Fig. 8. It can be seen that the ratio has a peak

within the lock-in region whenever lock-in resonance occurs. This suggests that the main effect of free-stream

turbulence is to enhance vortex shedding. The enhancement reaches its maximum at T/D ¼ 1.30, where the peak value

is as high as 400. This is possibly because StE0.09 (Ur0 ¼ 11.11) at this pitch ratio, which is easier to be excited. At

T/D ¼ 1.17, one more peak is observed at Ur0 ¼ 3.38 (StE0.3). This means that energy is fed to the cylinders at two

Strouhal numbers. At T/D ¼ 1.50, no peak is observed; rwi appears to have a sudden jump at Ur0 ¼ 5.31, and keeps

almost constant afterwards. This suggests that energy is fed to the cylinders not only by promoting vortex shedding but
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also enhances the motion-dependent excitation. At T/D ¼ 1.70, three peaks can be identified at Ur0 ¼ 3.38, 6.28,

and 10.15, implying three Strouhal numbers arising from wake interference, at St ¼ 0.30, 0.16, and 0.10, respectively.

At T/D ¼ 1.90, there are still three peaks, but one of them changes from Ur0 ¼ 3.38 to 4.35.
4. Conclusions

The effect of free-stream turbulence on vortex-induced vibration of two side-by-side elastic cylinders in a cross-flow

was investigated experimentally. The experiments were carried out in a wind tunnel with the ends of the elastic cylinders

fixed just outside the walls of the wind tunnel. Five pitch ratios in the regime of biased gap flow were considered, i.e.,

T/D ¼ 1.17, 1.30, 1.50, 1.70, and 1.90. A turbulence generation grid was installed to create a flow with a turbulence

intensity around 10%.

Cylinder vibration in the transverse direction was measured at the mid-span of the two cylinders. For uniform

approach flow, vortex-induced vibration is reduced due to wake interference when T/Do1.50. At T/D ¼ 1.70, cylinder

vibration becomes large in the large Ur0 range, compatible to that of a single cylinder. When T/D is increased further, the

behavior becomes similar to that of a single cylinder, but the vibration level is not as high. The behavior of the two

cylinders shows a slight difference due to the influence of biased gap flow. Spectral analysis of the vibration data showed

that there are two dominant components: one occurring at multiple frequencies of vortex shedding and the other at the

fundamental natural frequency of the fluid–cylinder system. These displacement components are denoted by wyV and

wyM, respectively. While wyV is due to the vortex-induced force, wyM is considered to be maintained by the fluid-damping

force. Although the fluid–structure system natural frequency coincides with the frequencies of vortex shedding at several

values of Ur0, cylinder vibration associated with the lock-in resonance is not as significant as for the one-cylinder case.

In general, the effect of free-stream turbulence is to enhance vortex shedding, thus restoring the large-amplitude

vibration associated with lock-in resonance. The enhancement is at different Strouhal numbers for different pitch ratios.

When the spacing between two cylinders is relatively small (1.17oT/Do1.50), the enhancement is significant at

StE0.1, suggesting that the two cylinders behave like a single bluff body. The value of T/D ¼ 1.50 appears to be a

transition point, at which the enhancement is more significant at the natural frequency of the fluid–cylinder system. At

this value, the biased gap flow appears to affect the fluid-damping force in the range of large Ur0 values, and the

influence is slightly different for the two cylinders. When the pitch ratio exceeds this value, the Strouhal number at

which the enhancement is significant tends to shift from StE0.1 to E0.16 (at T/D ¼ 1.90). In the shifting process, the

enhancement may occur at multiple Strouhal numbers (T/D ¼ 1.70).

An energy analysis showed that free-stream turbulence feeds energy to the cylinder at multiple frequencies of vortex

shedding. Therefore, the lock-in region is still of main concern when the approach flow is turbulent, as in the case of a

single elastic cylinder in a cross-flow. For the present case of two side-by-side cylinders, however, the lock-in resonance

occurs at a different Strouhal number, depending on the pitch ratio. Therefore, the range of Ur0 to be concerned is

broadened.
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