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Abstract

The effect of a longitudinally oscillating cylinder on the two-dimensionality of flow around a downstream cylinder is

studied based on a two-point correlation measured using two hot-wires. The oscillation amplitude is A/d ¼ 0.472 and

the oscillation frequency fe/fs ¼ 0.0372 and 0.186, where d is the cylinder diameter and fs the frequency of natural vortex

shedding from an isolated stationary cylinder. Three centre-to-centre spacing (L) ratios of the two cylinders were

examined, i.e., L/d ¼ 1.8, 2.5 and 4.8, representing three typical flow regimes. The experiment was conducted at a

Reynolds number (Re) of 5920, based on d and the free-stream velocity. It is found that the spanwise correlation of the

flow depends on not only the oscillation but also the flow regimes. At L/d ¼ 1.8, the correlation is strongest among

the three regimes, but worst in the co-shedding regime (L/d ¼ 4.8). The upstream cylinder oscillation improves the

spanwise correlation of the flow in the gap of the cylinders, irrespective of regimes, especially for L/d ¼ 1.8 and 2.5, but

impairs that behind the cylinders for L/d ¼ 1.8 and 2.5 due to a change in the flow regime. A theoretical analysis based

on the boundary vorticity theory indicates that the oscillation increases the vorticity flux, in particular, in the spanwise

direction between the cylinders, resulting in a significantly improved spanwise correlation, though this increase is

negligibly small behind the downstream cylinder.

r 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Flow past a cylinder of finite length can statistically be three-dimensional (3-D), due to the effect of end conditions

[e.g., Szepessy and Bearman (1992)], as reflected by the varying spanwise correlation coefficients between

simultaneously measured two-point velocity, surface pressure or sectional lift force [e.g., Ribeiro (1992), Szepessy

(1994), Norberg (2003)]. The knowledge of the two-dimensionality of a flow is important not only fundamentally but

also practically. For example, this knowledge is essential for the choice of spanwise numerical resolution in a simulation

(Lucor et al., 2003); for a strongly three-dimensional flow, the mesh in the spanwise direction must be refined.

It has been well established that the two-dimensionality of flow around an oscillating cylinder can be substantially

enhanced by the occurrence of the so-called ‘lock-on’ phenomenon; that is, when the cylinder oscillating frequency fe

approaches the natural vortex shedding frequency (fs) of a stationary cylinder, the vortex shedding frequency was

modified by fe so that the two frequencies coincide with each other (Bishop and Hassan, 1964). Koopmann (1967) and
e front matter r 2007 Elsevier Ltd. All rights reserved.
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Toebes (1969) reported the increased spanwise coherence of vortex shedding of an elastic cylinder in the lock-on state

(Reo300). Koopmann’s (1967) flow visualization photographs clearly showed that vortex shedding was in phase with

the vibration of the cylinder when the cylinder lateral amplitude ratio, A/d, was above a threshold of 0.1. Ramberg and

Griffin (1976) measured the spanwise correlation coefficient (Ruu) of fluctuating velocities along a forced vibrating cable

(A/d ¼ 0.13–0.3) at the onset of lock-on for Re ¼ 400–1300. The measured Ruu surprisingly approached unity.

Blackburn and Melbourne (1997) noted that the spanwise correlation length based on the lift measurements of a

laterally oscillating cylinder shrank greatly with an increased longitudinal turbulence.

In engineering, multiple vibrating slender structures are frequently seen. Naturally, investigations have been extended

to a cylinder wake in the presence of a neighbouring cylinder. There have been few reports of spanwise correlation near

each of two tandem cylinders. Based on surface pressure measurements on two tandem cylinders, Arie et al. (1983)

examined the effect of the cylinder centre-to-centre spacing L/d on the spanwise correlation length Lz (y), defined as

LpzðyÞ ¼
R1
0 Rppðy; zÞdz measured at Re ¼ 2.2–4.4� 104 and L/d ¼ 2–10, where y is an angle from the leading

stagnation line and Rpp is the spanwise correlation between pressure signals. They found that Lpz reached a maximum at

L/d ¼ 2 at the separation region of the downstream cylinder, that is, y ¼ 90–1101. Furthermore, Lpz for the upstream

cylinder grew as L/d increased from L/d ¼ 2 to 4 but diminished for L/d ¼ 4–5, and then remained almost constant for

L/d45. In contrast, Lpz for the downstream cylinder shrank rapidly from L/d ¼ 2 to 4 but slowly for L/d44. Wu et al.

(1994) obtained the spanwise coherence of two tandem cylinders with an aspect ratio of 23.6, fitted with end plates,

using two hot-wires for L/d ¼ 3–12 and Re ¼ 1.7� 104–4.2� 104. They found that the spanwise coherence at the

vortex-shedding frequency decreased for L/d44. For L/d ¼ 3 and 4, the coherence of the same spanwise separation

measured behind the cylinders (x/d ¼ 5.5) exceeded that of a single cylinder. This coherence furthermore was

substantially larger at L/d ¼ 3 than those at L/dX4 between the cylinders (x/d ¼ �1.6, where the origin of the

coordinate system is defined at the centre of the downstream cylinder). The streamwise vortex, they observed, was

considered to be largely responsible for the three-dimensionality of the flow.

Lai et al. (2003) examined the effect of an oscillating cylinder on a neighbouring side-by-side-arranged cylinder and

found that the oscillating cylinder could lock-on to the vortex shedding frequency from the neighbouring cylinder as

well as from itself. This finding implies that an oscillating cylinder may have an impact upon the two-dimensionality of

a neighbouring cylinder wake. This aspect has not been well documented in the literature. Furthermore, previous

studies mostly focused on the lock-on cases. For instance, Mahir and Rockwell (1996a, b) investigated flow (Re ¼ 160)

around two transversely in phase or in antiphase oscillating cylinders arranged in tandem and side-by-side, respectively.

Their nominal cylinder centre-to-centre spacing was 2.5 and 5.0, respectively. The cylinder aspect ratio was 108 and

presumably the end effect was negligibly small. There have been few investigations on the nonlock-on cases, which are

commonly seen in engineering. The issues motivate the present investigation.

This work aims to investigate the possible effect an oscillating cylinder may have on the two-dimensionality of flow

around a downstream cylinder and the dependence of this effect on the cylinder centre-to-centre spacing ratio L/d. The

oscillation is not locked on with the frequency of vortex shedding from neither the upstream nor the downstream

cylinder. Furthermore, the end effect was considered. Experimental details are described in Section 2. The results and

discussion of the spanwise correlation coefficient obtained from hot-wire measurements between and behind the two

cylinders are presented in Sections 3 and 4. The work is summarized in Section 5.
2. Experimental details

Experiments were carried out in a closed-loop wind tunnel with a 2.4m long square working section (0.6m� 0.6m). The

wind speed in the working section can be adjusted from about 0.3–50m/s. More details of the tunnel were described in

Zhou et al. (2002) and Huang et al. (2006). Two aluminium alloy circular cylinders of the same diameter d ¼ 0.0127m were

cantilever-mounted in tandem in the horizontal mid-plane of the working section (Fig. 1). No end-plates were mounted.

The upstream cylinder was placed 0.2m downstream of the exit plane of the tunnel contraction. The aspect ratio of the

cylinders was 17, causing a blockage of 2.1%. Three cylinder centre-to-centre spacings, i.e., L/d ¼ 1.8, 2.5 and 4.8, were

investigated, each representing one of the three flow regimes of two tandem stationary cylinders as classified by

Zdravkovich (1987). The upstream cylinder was driven to oscillate harmonically in the streamwise direction by a computer-

controlled motor system, which allowed the accurate adjustment of the oscillation frequency and amplitude. Experiments

were conducted at Re (�UNd/n) ¼ 5920 with and without the upstream cylinder oscillating, where UN is the free-stream

velocity, and n is the kinematic viscosity of fluid. The oscillation amplitude and frequency were fixed at A/d ¼ 0.472, and

fe/fs ¼ 0.0372 and 0.186, respectively, where fs is the natural vortex shedding frequency of a stationary cylinder. The choice

of the oscillation frequencies is two-fold. Firstly, this is a typical nonlock-on case. Secondly, based on the nonlinear theory,

the superharmonic resonance may occur in applications (Nayfeh and Mook, 1979), and it would be interesting to examine
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Fig. 1. Schematic of experimental set-up. The hot-wires were placed at y/d ¼ 1 and x/d ¼ 1.5 when measuring the flow behind the

downstream cylinder or—L/d+1.5 when measuring the flow between the cylinders.
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the influence of the superharmonic resonance on the downstream cylinder wake. This potential influence may have

applications in flow control, where the input energy is preferably small, that is, the oscillation frequency should be much

smaller than the natural vortex shedding frequency at a given oscillation amplitude. For the purpose of comparison,

measurements were also conducted around two tandem stationary cylinders (d ¼ 0.0127m), which spanned the full width

of the working section, giving an aspect ratio of about 47.

It is worth commenting on the relatively short aspect ratio (17) of the cylinders. It is well known that a stationary

cylinder may be subjected to end effects if its aspect ratio is below 27–30 (King, 1977). However, the flow two-

dimensionality may be significantly improved if the cylinder is forced to oscillate. Griffin (1980) observed that, for a

large aspect ratio cylinder (430), when the oscillation amplitude ratio A/d was greater than 0.01–0.02, the correlation

coefficient, Rpp, between spanwise fluctuating pressures increased greatly, compared with a stationary cylinder. Given a

threshold of Rpp ¼ 0.5, the spanwise correlation length was 10d at A/d ¼ 0.125 but became 34d for A/d ¼ 0.472

(the present oscillation amplitude) based on an extrapolation of his data. Xu et al. (2006) examined the flow around a

streamwise oscillating cylinder of the same aspect ratio (17) and confirmed the reasonably two-dimensional flow around

the cylinder. How the oscillation would impact upon a downstream cylinder of the same aspect ratio is an issue to be

clarified in this work.

The coordinate system (x, y, z) is defined in Fig. 1; the fluctuating velocities and vorticity components along the three

directions are denoted by (u, v, w) and (ox, oy, oz), respectively. Two single hot-wires, placed at y/d ¼ 1,

x/d ¼ (1.5�L/d) and 1.5, were employed to measure simultaneously the longitudinal velocity fluctuation, u(t), in the

gap of and behind the two cylinders. One of the hot-wires was fixed at the mid-span of the cylinders and the other was

movable along the spanwise direction of the cylinder. The movable hot-wire probe was mounted on a Dantec 3-D

traversing mechanism controlled by a computer. The positioning resolution of the traversing mechanism was 0.05mm.

The sensing elements of the two wires, made of tungsten wire of 5 mm in diameter and approximately 3mm in length,

were operated on constant temperature circuits at an overheat ratio of 1.5. The signals from the hotwires were offset,

amplified and then digitized at a sampling frequency fsample ¼ 1.5 kHz per channel using a 16 channel (12 bit) analog-

to-digital board. The typical duration of each record was about 30 s.

The flow structure was visualized using Dantec Standard PIV 2100. The smoke was introduced from the upstream

cylinder at mid-span. One NewWave standard pulsed laser source of a wavelength of 532 nm, having a maximum

energy output of 120mJ, was deployed to illuminate the smoke-seeded flow. The photographs of the flow were taken by

a Hisence CCD digital camera with a resolution of 1280� 1024 pixels. The framing rate is about 8 fps.

3. Experimental results

The spanwise correlation coefficient is defined (Zhou and Antonia, 1995) by

RuuðDzÞ ¼
u1ðz; tÞu2ðzþ Dz; tÞ

u21ðz; tÞ
1=2

u2
2ðzþ Dz; tÞ

1=2
, (1)
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where u1 and u2 are the fluctuating velocity signals measured by the fixed and movable probes, respectively, with a

spanwise separation of Dz (Fig. 1). The numerator in (1) represents the cross-correlation between u1 and u2, and the

denominator is the product of the root mean square values of the two time series. For the purpose of comparison, a

correlation length, Luu, is defined as Dz, where Ruu(Dz) ¼ 0.5. Since the results at fe/fs ¼ 0.186 are qualitatively the same

as at fe/fs ¼ 0.0372, the latter only will be presented.
3.1. Ruu in the gap of the cylinders

Fig. 2 presents Ruu near the upstream cylinder at L/d ¼ 1.8, 2.5 and 4.8, corresponding to the three different flow

regimes, i.e., the single-body, reattachment and co-shedding regimes, in a two-tandem-stationary-cylinder wake

(Igarashi, 1981; Zdravkovich, 1987; Xu and Zhou, 2004). The results of two stationary cylinders (aspect ratio ¼ 47) are

also included to provide a benchmark for comparison. As expected, the spanwise coherence for the stationary cylinders

of large aspect ratio ( ¼ 47) is stronger than that for the stationary cylinders of small aspect ratio ( ¼ 17), since the end

effect of the former on the flow is smaller than that of the latter. The correlation coefficient (Ruu) declines with

increasing z/d for all cases. For the stationary cylinders of large aspect ratio, Ruu is not so much different from

L/d ¼ 2.4 to 4.8 but is considerably smaller at L/d ¼ 1.8; Luu is 3, 4.2 and 4.3 for L/d ¼ 1.8, 2.5 and 4.8, respectively

(Table 1). The shear layers separated from the upstream cylinder shoot over the downstream one at L/d ¼ 1.8 but

reattach on the downstream one at L/d ¼ 2.5. At L/d ¼ 1.8, Ruu obtained in the gap of the cylinders measures the

spanwise correlation of the shear layers, not vortices. The fluid that occurs between the two shear layers separated from

the upstream cylinder was observed in our flow visualization to move unsteadily along y and z directions, implying

varying v and w and probably ox and oy, thus adversely affecting the spanwise correlation length of flow. At L/d ¼ 2.5,

Luu increases significantly since the fluid movement occurring at L/d ¼ 1.8 subsides greatly (not shown). The feedback

response from the shear layer reattachment may reduce Luu, though only slightly. At L/d ¼ 4.8, vortex shedding from

the upstream cylinder occurs, enhancing the two-dimensionality of the gap flow; the effect of both fluid movement at

L/d ¼ 1.8 and downstream feedback response is negligibly small. As the aspect ratio is reduced from 47 to 17, Ruu drops

appreciably at L/d ¼ 1.8 and 2.5 due to the increased flow three-dimensionality under the end effect; Luu is 2.2 and 1.6

for L/d ¼ 1.8 and 2.5, respectively. The most drastic drop in Ruu occurs at L/d ¼ 4.8; Luu is only 0.4. At L/d ¼ 1.8,

the shear layer around the cylinder free end overshoots the downstream cylinder end; the end condition has a

weak effect on Ruu in the gap of two cylinders. As L/d increases, the shear layer around the cylinder free end

reattaches the downstream cylinder end at L/d ¼ 2.5 and even form vortices at L/d ¼ 4.8. These vortices are highly
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Fig. 2. Spanwise correlation coefficient, Ruu, of hot-wire signals measured between the cylinders at Re ¼ 5920: (a) L/d ¼ 1.8, (b) 2.5,

and (c) 4.8. ’, Oscillation; &, without oscillation; J, stationary cylinder with large-aspect-ratio of 47.
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Table 1

Correlation length for each case

Luu between cylinders Luu behind cylinders

Aspect ratio ¼ 47 Aspect ratio ¼ 17 Aspect ratio ¼ 47 Aspect ratio ¼ 17

L/d Stationary Stationary Oscillation Stationary Stationary Oscillation

1.8 3.0 2.2 5.2 4.0 4.2 3.3

2.5 4.2 1.6 3.5 3.8 1.3 2.5

4.8 4.3 0.4 0.6 0.8 0.5 0.5
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three-dimensional, increasing the three-dimensionality of the flow away from the free end and contributing to the drop

in Luu between the cylinders.

In the presence of the cylinder oscillation, Ruu is greatly enhanced, Luu increasing from 2.2 in the absence of

oscillation to 5.2 for L/d ¼ 1.8, 1.6 to 3.5 for L/d ¼ 2.5, and 0.4 to 0.6 for L/d ¼ 4.8. Its value (Luu) exceeds

considerably its counterpart of the stationary cylinders of large aspect ratio at L/d ¼ 1.8 and is comparable at

L/d ¼ 2.5 (Figs. 2(a) and (b)). It may be concluded that the oscillation has significantly improved the flow two-

dimensionality, similarly to an isolated cylinder case (Griffin, 1980).

3.2. Ruu behind the cylinders

Fig. 3 presents Ruu measured behind the downstream cylinder at L/d ¼ 1.8, 2.5 and 4.8. Similarly to the flow in the

gap of the two cylinders, Ruu decreases with increasing z/d. In the ‘long’ cylinder case (aspect ratio ¼ 47), Luu is about 4

and 3.8 (see Table 1) at L/d ¼ 1.8 and 2.5, respectively, quite comparable to their counterparts in the gap of the two

cylinders. This length is, however, only about 0.8 at L/d ¼ 4.8, suggesting highly 3-D vortices. The observation is

consistent with the report of Zhou and Yiu (2006) that vortices behind two tandem cylinders were very weak in the co-

shedding regime. For the ‘short’ cylinder (aspect ratio ¼ 17), Luu is 4.2, 1.3 and 0.5 at L/d ¼ 1.8, 2.5 and 4.8,

respectively, showing little variation at L/d ¼ 1.8 and 4.8 but by more than 65% at L/d ¼ 2.5, compared with the ‘long’

cylinder. This variation is caused by a flow regime change at L/d ¼ 2.5 since the aspect ratio changes from 47 to 17. The

shear layers separating from the upstream cylinder reattach not only on both sides of the downstream cylinder but also

on the downstream cylinder free end for the ‘short’ cylinder. In the latter situation, the shear layers re-separate from the

edge of the cylinder end, generating ox and oy and enhancing the three-dimensionality of flow behind the cylinders. At

L/d ¼ 1.8, flow measured between the cylinders is much less coherent than behind; Luu increases up to 91% (from 2.2 to

4.2), compared with that in the gap of the cylinders. From L/d ¼ 1.8 to 4.8, Luu drops, especially for the ‘short’

cylinders.

The upstream cylinder oscillation leads to a deteriorated spanwise correlation at L/d ¼ 1.8 behind the cylinders. The

corresponding Luu is 3.3, less than that (4.2) without the oscillation. The upstream cylinder oscillation changes the flow

regime; the shear layers separating from the upstream cylinder reattach on, instead of shooting over, the downstream

cylinder (Fig. 4(b)). Flow behind the cylinders is less spanwise-correlated in the reattachment regime than in the

‘shooting over’ regime (Table 1). On the other hand, the spanwise correlation appears improved, albeit slightly, at

L/d ¼ 2.5 and 4.8. Without changing the flow regime, the oscillation does enhance the spanwise correlation of flow

behind the upstream cylinder, and subsequently the flow behind the downstream cylinder. The observation suggests

that the two-dimensionality of the wake behind the downstream cylinder depends on the flow regime of the two

cylinders, which is dependent on L/d, and the spanwise correlation of the flow between the cylinders.

3.3. Flow structure and predominant frequencies of flow structures

Fig. 4 shows flow at L/d ¼ 1.8 measured using the visualization function of the PIV. When the upstream cylinder is

stationary, the shear layers separating from the upstream cylinder appear to overshoot the downstream cylinder and the

vortex street occurs only behind the cylinders. The end effect is discernible in the power spectral density function, Eu

(Fig. 5), measured from the mid-span of the cylinder to the free end. The pronounced peak at f* ¼ fd/UN ¼ 0.176 is

identified with the shear layer roll-up frequency, as confirmed by comparing with Xu and Zhou’s (2004) measurement of

the dominant frequencies in the flow around two tandem cylinders for the present L/d and Re. Unless otherwise stated,
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the superscript of asterisk denotes normalization by UN and/or d in this paper. Another peak at f* ¼ 2� 0.176 is also

discernible around z* ¼ 0. The peak at f* ¼ 0.176 gradually diminishes towards the free end, suggesting that the end

effect acts to suppress the shear layer roll-up. Under the end effects, the spanwise coherence of the flow near the

upstream cylinder impairs considerably, compared with that of the ‘long’ cylinders (Fig. 2(a)). However, the spanwise

coherence of the flow is markedly improved behind the downstream cylinder (see Fig. 3(a)). Similar observations were

made by Arie et al. (1983) and Igarashi (1980). The difference in Luu between flows in the gap of and behind

the cylinders is because the roll-up shear layer (vortex shedding) behind the downstream cylinder is inherently better

correlated than the separating shear layer between the cylinders. Note that the peak at f* ¼ 0.176 in Eu between the

cylinders is not necessarily due to vortex shedding from the upstream cylinder; instead, it probably results from the

upstream feedback of vortex shedding from the downstream cylinder (Xu and Zhou, 2004).

In the presence of the upstream cylinder oscillation, the shear layer separating from the upstream cylinder appears to

reattach to the downstream, instead of overshooting (Fig. 4(b)), that is, the flow regime changes from overshooting to

reattachment. This change complicates the situation. On one hand, the improved two-dimensionality of incoming shear

layer should correspond to an improved spanwise coherence around the downstream cylinder. On the other hand, the

two-dimensionality of the flow around the downstream cylinder should lessen in the reattachment regime than in

the overshooting regime. The combined effects lead to the deterioration of the flow two-dimensionality behind the

downstream cylinder. The power spectral density function in Fig. 6(a) displays a peak at fe/fs ¼ 0.0372 (fe* ¼ 0.00723)

between the cylinders. This peak remains pronounced even at z/d ¼ 12, suggesting that the oscillation enhances greatly

the two-dimensionality of flow near the upstream cylinder. Its harmonics up to 3fe are discernible. Another peak,

associated with natural vortex shedding occurs at f* ¼ 0.171, is slightly lower than without oscillation. The peak

associated with the oscillation frequency remains pronounced behind the downstream cylinder (Fig. 6(b)). Natural

vortex shedding diminishes for large z/d, implying the enhanced three-dimensionality of flow. The observation is

consistent with the measured Ruu (Fig. 3(a)).

It is worth commenting on a possible connection between the shear layer vortices, being more responsive to

the applied disturbance and the flow spanwise correlation in the gap of the cylinders. The u-spectrum in Fig. 5(a)

(L/d ¼ 1.8) displays a pronounced peak at f* ¼ 0.176 for z/do8, suggesting the presence of the shear layer vortices.

Accordingly, there is a strong spanwise correlation in the gap of the cylinders (Fig. 2(a)). Once the oscillation is

introduced, however, another pronounced peak occurs at fe* and the peak at f* ¼ 0.171 corresponding to the shear

layer vortices between the cylinders becomes rather broadened (Fig. 6(a)), indicating that the shear layer vortices are

quite responsive to the oscillation. Consequently, Ruu (Fig. 3(a)) drops appreciably. The observation points to a close

link between the shear layer vortices and flow spanwise correlation.
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Fig. 5. Power spectral density function in the absence of cylinder vibration at L/d ¼ 1.8: (a) between the cylinders and (b) behind the

cylinders.

Fig. 4. Photograph of flow regime at L/d ¼ 1.8: (a) without cylinder oscillation and (b) with cylinder oscillation.
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At L/d ¼ 2.5, the shear layers separating from the upstream cylinder reattach on the downstream cylinder in the

absence of the upstream cylinder oscillation (Fig. 7(a)). The impingement of the reattaching shear layers on the

downstream cylinder, especially at the free ends, may act to weaken the spanwise coherence of vortices formed behind

the downstream cylinder. This could explain why the flow between the cylinders is better spanwise-correlated than that

behind the downstream cylinder (Figs. 2(b), 3(b)). Once the upstream cylinder oscillates, vortices are formed in the gap

of the two cylinders as well as behind. The two-dimensionality of flow between the cylinders is enhanced because vortex
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Fig. 6. Power spectral density function in the presence of cylinder vibration at L/d ¼ 1.8: (a) between the cylinders and (b) behind the

cylinders.

Fig. 7. Photograph of flow regime at L/d ¼ 2.5: (a) without cylinder oscillation and (b) with cylinder oscillation.
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shedding from the upstream cylinder occurs, which is locked on with the oscillation. This is evident in Eu (Fig. 9(a)),

where only peaks at fe and its harmonics are identifiable. These peaks are also discernible in Eu for the flow behind the

downstream cylinder. Figs. 8 and 9 present the power spectra obtained from hotwire data for L/d ¼ 2.5 with and



ARTICLE IN PRESS

Fig. 8. Power spectral density function in the absence of cylinder vibration measured at L/d ¼ 2.5: (a) between the cylinders and

(b) behind the cylinders.

Fig. 9. Power spectral density function in the presence of cylinder vibration at L/d ¼ 2.5: (a) between the cylinders and (b) behind the

cylinders.
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without the oscillation of the upstream cylinder, respectively. A pronounced peak occurs at f* ¼ 0.163 near the mid-

span of the cylinder (Fig. 8(a)). Xu and Zhou (2004) noted that there could be a dominant frequency associated with the

shear layers separating from the upstream cylinder in the reattachment regime. This peak at f* ¼ 0.163 is due to this

dominant frequency of the shear layer separating from the upstream cylinder, as confirmed by comparing with the data

of comparable Re and L/d in Xu and Zhou (2004). Another minor peak occurs at f* ¼ 0.054E1/3� 0.163, resulting

from the nonlinearity of flow (Nayfeh and Mook, 1979). A pronounced peak occurs at f* ¼ 0.163 in Fig. 8(b), which is

the dominant vortex frequency behind the downstream cylinder. When the oscillation is present, vortices are formed

between the cylinders (Fig. 7(b)) and their frequency is locked on with the oscillation frequency (Xu and Zhou, 2005), as

confirmed by the pronounced peak at fe* ¼ 0.00723 (Fig. 9(a)). The peak at f* ¼ 0.160 that occurred in the absence of

oscillation (Fig. 8(a)) is weakened. This is more evident towards the free end. A similar observation is made behind the

downstream cylinder (Fig. 9(b)). As a consequence, there is a decreased spanwise correlation behind the cylinders, as

observed in Fig. 3(b).

At L/d ¼ 4.8, both cylinders appear shedding vortices (Fig. 10(a)). The spanwise correlation length of the flow is very

small behind either of the cylinders (Fig. 2(c)), because of a strong three-dimensionality of spanwise vortices in the

co-shedding regime (Zhou and Yiu, 2006). Once the oscillation is introduced, vortex shedding from the upstream

cylinder is locked on with the oscillation and appears enhanced (Fig. 10(b)), resulting in increased spanwise coherence

of the flow in the gap of the cylinders. However, the oscillation has a negligible effect on the spanwise coherence of the

flow behind the downstream cylinder. In the absence of oscillation, a broad peak occurs at f* ¼ 0.140 between and
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Fig. 10. Photograph of flow regime at L/d ¼ 4.8: (a) without cylinder oscillation and (b) with cylinder oscillation.
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behind the cylinders (Fig. 11). The end effect significantly decreases the two-dimensionality of flow, irrespective of being

between and behind the cylinders, partially contributing to the broadness of the peak. When the upstream cylinder

oscillation is introduced, a peak occurs at fe*, which appears to have a negligibly small effect on the vortex shedding

frequency (Fig. 12) but improving spanwise coherence, though only slightly (Figs. 2(c) and 3(c)).
4. Theoretical considerations

Experimental data (Section 3) indicate that Ruu depends on L/d, oscillation and end effects for ‘short’ cylinders. In

this section, we attempt to understand more thoroughly the experimental observations.

Fig. 13(a) shows the sketch of an oscillating plate in a still fluid. This is a Stokes–Reyleigh problem, whose analytical

solution is given in many textbooks [e.g., Wu et al. (2006)]. Based on the solution, a viscous oscillating wave in the

boundary layer propagates away from the wall. The end of the oscillating cylinder may be approximately considered to

be a moving surface in a steady flow. The wave velocity is roughly a combination of the free-stream velocity and that the

surface would generate in still fluid (Fig. 13(b)). While propagating from the cylinder end, this wave acts to carry fluid

particles away from the cylinder end, thus impairing the end effect. Since the cylinder oscillation enhances the vorticity

component oz around the oscillating cylinder (Xu et al., 2006), the other two components, ox and oy, become relatively

weak. The coherence of vorticity along the spanwise direction is linked with the two-dimensionality of flow; given

ozbox or oy, the flow is predominantly 2-D.

It may be insightful into the physics behind the experimental observations to examine vorticity generated from

the cylinder surface. For incompressible flow, the 3-D vorticity flux s on the surface of the cylinder is given by
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Fig. 12. Power spectral density function in the presence of cylinder vibration at L/d ¼ 4.8: (a) between the cylinders and (b) behind the

cylinders.

Fig. 11. Power spectral density function in the absence of cylinder vibration at L/d ¼ 4.8: (a) between the cylinders and (b) behind the

cylinders.
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(Wu and Wu, 1993)

r ¼ �nn � rx ¼ �n� ðrpþ raÞ � ðn� rÞ � ðnx� nnÞ, (2)

where n is the unit vector pointing outward normal to the cylinder surface, p is the pressure, a is the acceleration

of the cylinder, x is the vorticity vector, and r is the density of fluid. All terms in Eq. (2) are evaluated on the

cylinder surface. The vorticity flux r represents the changing rate of the vortex source strength over a unit area of

the cylinder surface, representing the distribution of vorticity in different directions. Assume the cylinder oscillation to

be described by

X ðtÞ ¼ Acosð2pf etþ j0Þ, (3)

where j0 is the initial phase angle of the oscillating cylinder. Then the cylinder acceleration is

a ¼ €X ðtÞ ¼ �4p2f 2
eAcosð2pf etþ j0Þ. (4)
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Fig. 13. Stokes layer of (a) a moving wall and (b) at the end of the oscillating cylinder.
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In a moving cylindrical coordinate system (r, y, z), fixed on the upstream cylinder, s may be rewritten as
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, (5)

where r0 is the cylinder radius. Based on Eq. (5), the cylinder oscillation (fe 6¼0 and A 6¼0) increases sz. The other two

components sr and sy, multiplied by the kinematic viscosity, are small compared with sz. This could explain why Ruu

can be enhanced by oscillation. When fe/fs is increased from 0.0372 to 0.0372� 5 ¼ 0.186, Luu between the cylinders is

increased from 5.2 to 6.5 for L/d ¼ 1.8, and from 3.5 to 4.6 for L/d ¼ 2.5 (not shown), up to 25% for both L/d,

conforming to the prediction from Eq. (5).

The acceleration term in Eq. (5) vanishes for the downstream cylinder, viz.,
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. (6)
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Based on Eq. (6) the oscillation has no direct effect on flow around the downstream cylinder, and the voriticy flux

around the downstream cylinder remains to be governed by the absolute stability of flow, i.e., the pressure gradient

around the cylinder, which largely depends on the flow regime. The result conforms to measurements shown in Fig. 3.
5. Conclusions

The effect of a longitudinally oscillating cylinder on the two-dimensionality of a downstream cylinder wake has been

investigated. The aspect ratio of the cylinders is 17. The oscillating amplitude was A/d ¼ 0.472 and the oscillation

frequency was fe/fs ¼ 0.0372 and 0.186. The two-dimensionality of the flow around the cylinders is dependent on aspect

ratio, flow regimes and cylinder oscillation. The following conclusions may be drawn.
(i)
 The two-dimensionality of flow depends on the flow regime. Without cylinder oscillation, the flow two-

dimensionality between the cylinders is worst in the ‘single-body’ regime, but improved in the reattachment and the

co-shedding regimes; in the case of the ‘long’ cylinders Luu is 3.0, 4.2 and 4.3 at L/d ¼ 1.8, 2.5 and 4.8, respectively.

The flow two-dimensionality behind the cylinders is improved appreciably in the ‘single-body’ regime but worsens

greatly in the co-shedding regime; the corresponding Luu is 4.0, 3.8 and 0.8 for the three regimes. For ‘short’

cylinders, as expected, the flow two-dimensionality worsens because of the end effects in the reattachment and the

co-shedding regimes, irrespective of between and behind the cylinders. However, this two-dimensionality is

improved behind the cylinders in the ‘single-body’ regime, with Luu at L/d ¼ 1.8 increasing by 91%, compared with

that between the ‘short’ cylinders; Luu is, in fact, comparable with that in the case of ‘long’ cylinders. The

observation suggests a negligible end effect in the ‘single-body’ regime.
(ii)
 The cylinder oscillation enhances greatly the two-dimensionality of the flow between the cylinders in all regimes. In

the absence of the oscillation, Luu is 2.2, 1.6 and 0.4 between the ‘short’ cylinders at L/d ¼ 1.8, 2.5 and 4.8,

respectively; with the upstream cylinder oscillating, it increases by 137%, 119% and 50%, respectively. Two factors

contribute to the enhanced two-dimensionality of flow between the cylinders: (a) theoretical analysis indicates that

the cylinder oscillation promotes directly the generation of the spanwise vorticity (oz) near the oscillating cylinder;

and (b) the cylinder oscillation generates a wave at the end, which carries away fluid particles, thus decreasing

significantly the end effect (Fig. 13(b)).
(iii)
 The cylinder oscillation has a negligibly small effect on the two-dimensionality of flow behind the cylinders; neither

the generation of oz nor the cylinder oscillation effect on the flow near the downstream cylinder end is significant.
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