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Abstract

The present experimental research has been undertaken in order to explain to what extent the turbulent structure o
around a stationary rigid cylinder may be affected by an oscillating approach flow. The general aim was to establish a direct l
between the oscillating inflow, local time-resolved quantities like skin friction and surface pressure and near wake b
behind the circular cylinder. It has been confirmed that the lock-on synchronization between the periodicity of vortex s
and free stream oscillations is an important factor affecting the formation mechanisms of the wake. In particular it was fo
that periodical inflow disturbances bring about a rapid growth of pressure and wall shear stress fluctuations near the s
point. The present results revealed also a tendency toward the shortening of vortex formation length and significant
the time and linear microscales of turbulence in lock-on conditions. Additional evidence concerning the role of inflow pe
disturbances in the near wake modification was obtained from analysis of turbulent kinetic energy transport in the flow
 2003 Elsevier SAS. All rights reserved.

1. Introduction

Flow past bluff cylinders is an important flow type that occurs in many engineering applications. Cylindrical stru
exposed to the flow are basically present in all areas of engineering and in the environment. The flow is associa
unsteady vortex shedding and this special feature has a dominant influence on the flow behaviour itself, on the lo
cylindrical structures, which is often unsteady. A wide variety of configurations is possible ranging from infinitely long cy
in uniform approach flow to the cylinder in shear inflow like boundary layers, cylinders oblique to the approach flow,
cross-sectional geometry, cylinder having short aspect ratios, etc.

In the present paper attention is focused on the long rigid stationary circular cylinder exposed to an oscillatory inciden
flow. This configuration has many applications in industrial processes. The topic is of direct relevance with regard to
platforms, pipelines immersed in waves, heat exchangers, power cables and civil engineering structures in oscilla
flow. Studies relevant to industrial failures and solutions proposed for design improvement confirm the aerodynamic
the problem and are linked to fundamental work in fluid dynamics.

The instantaneous flow in the near wake can be viewed formally [1] as a combination of a mean component�S, a periodics̃
and a random turbulents′ component, whereS is any variable. By definition, the total instantaneous variableS can be expresse
as a triple decomposition:

S(t) = �S + s̃(t) + s′(t). (1)

✩ This paper has been supported by the State Committee for Scientific Research, Warsaw, Poland, under statutory funds.
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b05 half-width of the wake
CD drag coefficient
Cp = 2(p − p0)/(ρ�U 2

0 ) surface pressure coefficient
Cpb base pressure coefficient
c′
p coefficient of pressure fluctuations

d cylinder diameter
f0 frequency of the inlet flow disturbances
fs vortex shedding frequency
fs0 Strouhal frequency of a stationary cylinder in

a uniform incident flow
q2 = u′

i
u′
i
/2 turbulent kinetic energy

Sh Strouhal number
U(t) instantaneous flow velocity
u′
i
, ũi random and periodic velocity fluctuations

components
�Ui time mean velocity
�U0 mean velocity of the incident flow

�Um maximum depth of the mean velocity
xi coordinate axis, defined in Fig. 1
α fractional circulation remaining (α0 – steady

inflow, αs – oscillating approach)
Γ circulation shed from a body (Γ0 – steady

inflow, Γms – oscillating approach)
Θ angular coordinateof the position around

cylinder
τ̄w mean wall shear stress
τ ′
w wall shear stress fluctuating component

τ11 longitudinal time micro-scale
λ11 longitudinal linear micro-scale

Symbols

(¯) time averaged value
(˜) oscillating component
(′) random component

The oscillating flow field component is a directresult of an alternate vortex generation and shedding into the body wake. O
the other hand the organized time-dependent fluctuations of the flow surrounding the bluff body can be introduced thr
periodical external disturbances. The experimental work done till now on cylinders in wind tunnels has revealed the import
role played by lock-on synchronisation of the vortex shedding and external periodical disturbances. Locking-on was firs
on self-induced oscillations of lightly damped cylinders [2,3]. In order to better understand the factors which influence th
lock-on phenomenon, investigations inthe last two decades focused on the case of a cylinder forced to oscillate in uniform
flow. Tanida et al. [4] showed evidence of locking-on due to cross stream and in-line vibrations of the cylinder. The
concerned with vortex shedding from oscillating bluff cylinders have been reviewed by Sarpkaya [5] and Bearman et
According to a review given by Griffin and Hall [8] the phenomenon of vortex shedding resonance or lock-on is also o
in the case of a stationary rigid bluff body placed in an oscillatory incident flow. It occurs when the incident velocity field
U0(t) has a periodical component characterized by properly matched frequencyf0 and amplitudeA. This opinion agrees
well with the results of Armstrong et al. [9,10], Castro [11], Barbi et al. [12], Jar˙za et al. [13–16]. There is an equivalen
between this case and in-line oscillations of the cylinder when the acoustic wavelength is long compared to the c
diameter [8]. Coupling between the mechanism of the Karman vortex street and in-line cylinder vibrations or free
oscillations occurs near twice the Strouhal frequency. All of these external discrete oscillations, as for example vibration
the body itself [17] or oscillations of the incident stream are potential means for active control of the near-wake flow behind
bluff body.

In the majority of contributions to the flow over a circular cylinder in the presence of external disturbances only
characteristics are reported, such as the range of amplitudes and frequencies for which lock-on is possible, base press
shedding frequency or forces exerted on the cylinder. A region which has so far been overlooked is the immediate neigh
of the cylinder where the flow combinesrandom characteristics with some form of organisation. Little isknown about local,
time resolved wall quantities over a circular cylinder immersed in pulsating streams.

The present experimental research has been undertaken in order to explain to what extent the turbulent structure o
dimensional wake-flow may be affected by the incident flow oscillations. Special attention is focused on the organis
the vortex formation region in lock-on conditions. The unsteady flow field is analysed on the basis of a complete set
velocity profiles, Reynolds and coherent stress components and spectral records in the near-wake region. A matter
of the present study has also been related to mean and random surface pressure components and wall shear stre
around a rigid circular cylinder in oscillatory inflow (Fig. 1). The effect of incident flow periodicity with respect to time a
linear scales of turbulence as well as to convective transport of the turbulent energy in the near-wake region has been
as a potential means of the wake formation mechanism control.
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Fig. 1. Schematic sketch of the flow considered.

2. Experimental arrangement

The investigations were carried out in an open-circuit wind tunnel at the Institute of Thermal Machinery of the Cz¸estochowa
University of Technology. The test section was (0.6 × 0.6) m (W × H ) and≈4 m long. The free-stream turbulence did n
exceed 0.15% at speeds up to 10 m/s. The circular cylinder of 0.08 m in diameter and 0.6 m long was positioned 1.5 m fro
entrance to the working section, perpendicular to the free-stream direction. Thus the geometry of the body-wind tunn
was determined by the values of two characteristic parameters: aspect ratioL/d = 7.5 and tunnel blockageB = 13%.

According to recent reviews, e.g., by Williamson [18,19], the wake of a bluff body is exceedingly rich in three-dimensiona
vortex dynamics phenomena. So, at any given Reynolds number, the changes of geometrical parameters such as a
end constrains and wind tunnel blockage can affect the flowpattern significantly. The effects of end boundary condition
influencing the flow over the cylinder span should be taken intoaccount if one assumes parallel shedding and 2D-conditio
the mid-span region of cylinder. For the short cylinders, parallel shedding ensues only with the end control technique
into account the systematic studies by West and Apelt [20,21] the optimised end plates of the Stansby design wer
the present experiment. As a result, the flow around mid-span was effectively decoupled from the end effects exce
region extending approximately 1.5d from each end plate. No attempt at blockage correction has been made in the expe
presented here referring to the results of Cheung and Melbourne [22], and Norberg [23] obtained in similar blockage a
ratios conditions.

The controlled oscillations of the incident flow were introduced by means of the set of two shutters rotating in phase at th
downstream end of the wind tunnel measuring section. For a schematic of the arrangement see Fig. 2. The generate
perturbations were periodic with the fundamental frequencyf0, corresponding to the angular velocity of the shutters (f0 = 2n0).
The checking measurement taken by means of the X hot-wire probe confirmed that the periodical oscillations induced in th
measuring chamber had strongly dominating streamwise component superimposed upon the mean fluid motion. The in
velocity oscillations were nearly sinusoidal, with at least 93% of the pulsation energy at the fundamental frequency. T
oscillation amplitudeA was kept at the level 7% of the mean flow velocity�U0. The oncoming stream was thus approximat
given by

U = �U0(1+ Asin2πf0t), (2)

wheref0 is the driving frequency. It was checked by means of two pressure transducers on the wind tunnel wall that th
no phase lag between the two corresponding signals, thus confirming the absence of standing acoustic waves.

The complex flow field around the cylinder was studied using the multichannel DISA 55M CTA System with X hot-wire
hot-film probes. Some limitations of hot-wire measurement technique in turbulent near wake flow should be emphasi
The relatively strong effect of binormal cooling due to the organized inwards/outwards motions in the near wake, high
vector angles of attack, coupled with low streamwise velocity values make the hot-wire measurements in this region e
difficult. In the present experiment an X-array probe provided detailed streamwise and lateral velocity component stat
obtain a validation of the X-array probe measurement, which of necessity assume a two-dimensional flow field, additio
were performed along the wake centreline with a 4-sensor probe.

The skin friction gauge (DISA hot-film probe type 55R47) was flush mounted on the cylinder surface. This probe h
used to measure instantaneous values of shear stress on the wall. The cylinder was rotated by a stepping motor to a
orientation of the sensors and measurements at different angular positions. A method of signal processing based on the ph
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Fig. 2. The scheme of the experimental facility.

averaging technique was applied. The instantaneous pressure signals were transmitted from taps at the surface of t
to the Honeywell pressure transducer type 162PC01D mounted inside the model. Throughout the range of measure
output of the pressure probe was linear and the tubing resonant frequency was well above the frequency range invest

3. Conditions of the lock-on occurrence

The recognition of the inlet conditions which make it possible to study the vortex lock-on in the context of the act
flow control around the circular cylinder is of great importance in the undertaken experimental work. A result of the
mentioned earlier (Armstrong et al. [9,10], Griffin and Hall [8], Jar˙za et al. [13–16]) is that the limits of lock-on occurren
can be characterized by a group of mutually related features, which consists of the amplitudeA and frequencyf0 of external
disturbances and the bluff body natural shedding frequencyfs0. The process of synchronisation of periodical events in the
around the cylinder in oscillating inflow can be detected on the basisof a relation describing the variation of vortex-shedding
frequency versus reduced incident velocity for the range off0 considered (Fig. 3). In the present experiment, the vortex shed
frequency was determined from power spectra of surface pressure fluctuations recorded near the separation point at the cyli
wall. Sample results of spectral analysis are shown in Fig. 4. The inverse of the Strouhal number, formed using driving f
f0 and mean velocity�U0 is plotted versusfs/f0 in Fig. 3. The slope of the line drawn here is a constant equal to 0.197 a
represents the Strouhal numberSh0 for the Karman vortex street in the case of steady inflow. The locking phenomenon o
as a plateau nearfs/f0 = 0.5. It means that the over a range of reduced velocity�U0/f0d the vortex shedding frequency remai
at half of the inlet oscillation frequency.

According to present data shown in Fig. 3, the ratiofs/f0 is kept constant over a relatively wide range of inlet conditions.
the constant inflow velocity�U0 = 5.7 m/s lock-on occurrence is limited to the range of driving frequencyf0 = 22–28 Hz. Out
of this range the vortex shedding frequency tends again to the steady inflow valuefs0. One can also estimate the reduc
amplitude of the incident oscillations, defined after Barbi et al. [12] asε = A/πf0d , whereA is “peak-to-peak” inflow
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Fig. 3. Vortex shedding frequency versus reduced inflow velocity for the range off0 considered.

Fig. 4. Sample power spectra ofpressure fluctuations at cylinder wall for different values off0.

periodicity amplitude. The values of this parameterε = 0.025–0.11 correspond to the experimental conditions of the earlie
investigations of Barbi et al. [12] and Armstrong et al. [9,10], reaching the bounds of lock-on regime.

4. Experimental results and discussion

The present contribution concentrates on the structure of the near wake, which together with the flow propertie
immediate vicinity of the cylinder wall combines random characteristics with a periodical form of organisation. The g
aim is to establish direct links between the parameters of inflow periodicity, local time-resolved wall quantities like skin
and surface pressure and near wake behaviour.

4.1. Measurements at the cylinder wall

Mean pressures around the cylinder surface were measured for a range of parameters of incident flow oscillation
presented as pressure coefficients. Fig. 5 shows a selection of pressure distributions taken in lock-on conditions
with results for steady inflow and out of lock-on region. In the frontal part of the cylinder the normalized pressure is
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Fig. 5. Distribution of the mean pressure coefficient around the cylinder wall in periodical inflow.

Fig. 6. Effect of incident flow oscillations on the mean drag coefficient.

independent of the inflow conditions. Important changes however are found in the rear as was to be expected. The in
the external flow oscillations appears to be limited to reducing the pressure coefficient at angular positions larger than 60◦. In
particular the pressure distributions on the back of the object reveal the changes in base pressurepb, which provides a furthe
useful parameter for identifying the nature of the effects caused by upstream disturbances. The vortex lock-on in the
flow exhibits a particularly strong form of resonance, producing a reduction in base pressure fromCpb = −1.38 to−2.05. As
a direct result of base pressure changes under inflow oscillationsone can observe in Fig. 6 the variation of the drag coeffici
which increases strongly from nearly 1.35for the uniform incident to 1.75 in lock-on conditions. The experimental quantities
mentioned above and describing the flow around the cylinder form a linear relation, common for a wide variety o
frequencies. The results shown in Fig. 7 are in good agreement with previous measurements of Surry [24] for steady
conditions.

All the changes of the flow features in the close vicinity of the cylinder surface should be analysed as a complex ph
with important role played by vortex shedding and formation. For the understanding of the shear flows over solid wal
thin region next to the surface, the knowledge of the wall shear stress is very important. From the measurement o
friction the information about the position of the separation points, separation bubbles or transition points can be derived.
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Fig. 7. Relation of the basic aerodynamic parameters.

Fig. 8. Normalized values of the mean skin friction at different angular positions in oscillating inflow.

Averaged skin friction distributions presented in normalized form in Fig. 8 revealed a well-known behaviour in the a
region [25]. The skin friction starts from zero at the stagnation point, peaks at about 50◦, drops from then on and achieve
its negative values in the separation region. There is some increase of absolute skin friction values if the inciden
oscillating. The separation is indicated by the vanishing of the skin friction. The results just discussed, combined in one
in Fig. 8, show a sharp decrease towards the value of zero nearΘ = 78◦–80◦. It appears that data for both steady and oscilla
flow collapse in this region. In the present experiment pressure transducers (HONEYWELL) and skin-friction gauges (DIS
were also used to record the fluctuating pressure and skin friction random component, respectively. Fluctuating pres
presented in the paper as pressure coefficientsc′

p defined as 2p′
rms/ρ

�U 2
0 , wherep′

rms is the root-mean-square value of t
pressure fluctuations.

The mutual relation between the mean wall shear stress, skin friction fluctuations and surface pressure fluctuations c
is shown in Fig. 9(a)–(c). It is interesting to compare Fig. 9(a)–(c) distributions for steady inflow (Fig. 9(a)) with data obtain
in pulsating flow both in the lock-on regime (Fig. 9(b)) and out of this condition (Fig. 9(c)). For the casef0 = 0 the genera
form of the pressure fluctuation distributions stays in accordance with the data of West and Apelt [20]. The occurrence
maximum ofc′

p in the vicinity of separation as well as second maximum nearΘ = 140◦ associated with the vortex formatio
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surface pressure and skin friction fluctuations (see different scales forcp in Fig. 9(a) and Figs. 9(b), (c)). One can see the ra
growth of pressure and wall shear stress fluctuations near the separation point indicated by a zero value of mean sh
The changes in boundary layer evolution around cylinder are especially visible in the lock-on regime.

In the zone of the highest values ofτ ′
w andc′

p the distributions of the wall shear stress and pressure fluctuations do no
a distinct peak but embrace some range of angular positions associated with the separation process. One may conclude that th
location of separation is changeable in time and space, undergoing oscillationsaround the position indicated by the zero valu
of mean skin friction coefficient. In the lock-on conditions the separation process is concentrated in the narrow but d
marked range of anglesΘ . It should be also emphasised that in the separated region, considered sometimes to be “de
level of skin friction fluctuations increases, reaching nearΘ = 180◦ values as high as in the attached flow region.

The phenomena observed in the immediate neighbourhood of the cylinder wall under influence of inflow oscillations sheds
some light on the organisation of the near wake. These and previous [26,27] results suggest that modification and con
vortex generation mechanisms may provide a means for making substantial changes in the near-wake vortex pattern.

So, it is interesting to consider the effect of the incident flowoscillations on the amount of circulation which is shed from
cylinder. According to Roshko [28] an estimation of the total circulation shed by the body could be done from the valu
mean base pressure. The mean rate of shedding of circulation from a separation point of a bluff body is given approxim
k ·U0 wherek2 = (1− Cpb). Hence the circulationΓm = Γ/(U0d) shed during the formation of a single vortex is expresse

Γm = 1

2
(1− Cpb)

U0

fsd
. (3)

As discussed by Roshko [28], Davies [29] and Balachandar et al. [30], the strength of vortices discharged into the w
be substantially less than derived form Eq. (3), because a considerable amount of circulation is cancelled in the nea
mixing with vorticity of opposite sign from the opposing shear layer. So, only a small part of the shed circulation app
concentrated form. The fractional circulation remaining can be written as

α = 2ShΓm

(1− Cpb)
. (4)

The ratio of circulationΓms shed from a body in oscillating inflow to that shed in steady incident conditionsΓ0 is plotted agains
f0/fs0 in Fig. 10. This figure demonstrates that the circulation shed per cycle is substantially amplified in the lock-on
The fraction of circulationα that survives the vortex formation process increases by 16.5% in lock-on conditions com
with steady inflow (Fig. 11).

4.2. Characteristics of the near-wake development

The properties of the flow disclosed earlier together with the velocity field characteristics behind the bluff body pro
integral picture of this complex region. The data base for the present considerations can be completed by information
by Jarża et al. in earlier contributions [13,14]. The main part of the experimental results presented in [13,14] dealt with
wake flow region and included the mean flow evolution as well as the turbulent structure described by random and p
fluctuations components. The unsteady flow field characteristics consisted of a complete set of profilesof measuredquantities
obtained at different distancesx1/d for selected values of inflow oscillations frequencyf0. During the experiment mentione
above the conditions of lock-on occurrence were fulfilled as well as the state outside the range of resonant synchronis
data base provided by the aforementioned contributions [13,14] and represented by sample results in Figs. 12–14 c
here as a set of information for more complex analysis of the near-wake behaviour. The main finding of the previous exp
of Jarża et al. was to conclude that the inlet periodical disturbances intensify the process of mean velocity field stab

(Fig. 12). The substantial influence of incident flow oscillations is also observed with respect to the cross componentu′2
2 of

random motion (Fig. 13) and energy of periodical velocity component (Fig. 14). The lock-on synchronisation bring
significant growth of energy in both the random and periodical motion.

In the present analysis a special emphasis has been put on understanding the role of inflow oscillations in the modificatio
of the vortex formation region. Bloor [31] defines the vortex formation length as the distance behind the cylinder wh
maximum level of periodicity of the hot-wire signal is observed near the wake axis. This implies that the end of the fo
process coincides with the moment at which the fluid from outside the wake reaches and crosses the axis. The fluid
across the wake by the action of the growing vortex on the other side. As has been noted above (see Figs. 8 and 9) t
of circulation shed from the cylinder is amplified due to lock-on. The additional vorticity produced reinforces the cu
developing vortex and accelerates its growth closer to the rear face of the body.

Thus, one may expect the shortening of the vortex forming distance under lock-on conditions. To verify this spectral analysis
of the hot-wire signals has been applied for the probe located at various points in the near wake region. A clearly define
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Fig. 9. Distributions of the mean wall shear stress(τ̄w), wall shear stress fluctuations(τ ′
w) and surface pressure fluctuations coeffici

(c′
p) around cylinder in (a) steady (f0 = 0 Hz) and oscillatory inflow for (b) lock-on conditions (f0 = 26 Hz) and (c) out of lock-on rang

(f0 = 30 Hz).
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Fig. 10. Amplification of circulation shed from the body in periodical inflow conditions.

Fig. 11. Ratio of fractional circulation for the oscillating and steady inflow.

the vortex shedding frequency containing the major part of the total energy is an obvious feature of the spectral distrib
the vortex street. The incident flow disturbances change the Strouhal peak amplitude inthe velocity fluctuations spectra. The
changes have been expressed here by means of the parameter�E(Fig. 15). On the basis of distributions presented here
different values of driving frequencyf0 one can estimate the bounds of the vortex formation zone identified by the locat
the maximum of�E. As can be seen in Fig. 15, the inlet flow oscillations intensify the vortex forming, especially in lo
conditions.

This can be additionally confirmed by the data set shown before in Fig. 14, presenting the evolution of the kinetic
component corresponding to oscillating motion. The kinetic energy of oscillations has been expressed here through the avera

values obtained by integrating the profile ofũ2
2 component in a particular cross sectionx1 = const. The maximum energy leve

observed in the lock-on state is reached at a short distance behind cylinder, approximately the same as indicated by spe
analysis (see Fig. 15).

The effect of incident stream oscillations has also been observed through the changes of time and linear micro-scales o
turbulence estimated by means of auto-correlation analysis of hot-wire signals under the assumption of the Taylor h
[32]. The longitudinal component of velocity fluctuations has been taken into account in the present considerations. It
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Fig. 12. Decay of nonuniformity parameter of the mean velocity
component�U1.

Fig. 13. Sample lateral distributions of the normal turbulent

stress componentu′2
2 .

Fig. 14. Effect of lock-on conditions on the average (for the wake cross sectionx̄1 = const) value of kinetic energy corresponding to oscillati
velocity component.

be concluded from Fig. 16 that the mean sizeλ11 of fine vortex structures in the near wake region stays nearly consta
downstream direction. Lock-on brings about significant growth of the vortex size measureλ11 visible as a local maximum
for the resonance frequenciesf0. The time-microscaleτ11 (Fig. 17) increases outward from the wake axis, and keeps n
constant in the flow direction.

An additional evidence concerning the role of inflow periodical disturbances in the near wake modification was o
from analysis of turbulent kinetic energy distributions. The isolines of total kinetic energy of all the random velocity comp

(q2 = u′2
2 /2), juxtaposed in Fig. 18 for different values of driving frequencyf0, reveal an essential changes of the turbu

energy levels in the cylinder near-wake under the influence of external periodical disturbances. One can observe here
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Fig. 15. Changes of Strouhal peak amplitude in velocityfluctuations spectrum for vortex formation zone.

Fig. 16. Linear micro-scale distributions through the near-wake flow in lock-on conditions (f0 = 22 Hz).

of high turbulence energy concentration, appearing in the central part of the wake near the vortex formation distan
lock-on synchronization is being achieved. The strong kinetic energy gradients in the longitudinal and cross stream d
which accompany the increase of random velocity fluctuations in the vortex formation zone, decay gradually out of
range.

The turbulent energy distributions discussed here are related with the convection process, which is one of the i
mechanisms responsible for the turbulent energy transport in the wake flow. Convection by the mean flow, being a te
kinetic energy equation [32], can be written as the sum of two energy streams transferred by longitudinal and transverse mea
velocity components:

CONV= 1

2
�U1

∂q2

∂x1
+ 1

2
�U2

∂q2

∂x2
.

An experimental analysis of the convective component of the turbulence energy budget has been possible on the basis
of X hot-wire signals taken in the near wake flow region. Sample results of instantaneous signal processing, for the
x1/d = 2, are shown in Fig. 19, presenting the profiles of turbulence energy streams transported by convection. The
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Fig. 17. The effect of inflow oscillations upon the longitudinal time micro-scale of turbulent motion in the wake flow.

Fig. 18. Isolines of turbulent kinetic energy in near-wake-flow for steady inflow (a)f0 = 0 Hz, lock-on conditions (b)f0 = 22 Hz,
(c) f0 = 26 Hz and out of synchronization range (d)f0 = 30 Hz.
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s (b)
Fig. 19. The effect of inflow oscillations on the lateral distributions of the turbulence energy convection due to longitudinal (a) and cros
mean velocity components as well as total convective stream (c) for the distancex1/d = 2 behind the cylinder.
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using the half-width of the wakeb05 as the characteristic linear measure. The effectof inflow periodicity is clearly visible in
the figure with respect to both convection terms considered. One can notice, that the convective transport of turbule
energy is dominated by the longitudinal stream. The share of convection due to lateral mean velocity component
change the global picture of the convection process in the very near wake flow region. The distinct changes in the c
stream distributions are especially marked in lock-on conditions (f0 = 22–28 Hz). It should be emphasised first of all, tha
the resonant state the convection term changes its sign and reaches high negative values in the central part of the w
one can conclude that the convective transport of the random fluctuations’ energy into the near axis zone is very intens
consequence, the turbulent kinetic energy concentrates in the middle part of the wake. It is consistant with the previou
(Fig. 18) about the changes in turbulent energy distributions in the vortex formation region under lock-on influence. The
values of convection observed in the outer wake region indicate the downstream direction of energy transfer by conve
of the central part of the wake.

5. Concluding remarks

Lock-on synchronization between the periodicity of vortex shedding and free stream oscillations is an importan
affecting the formation mechanisms of the wake. Inflow oscillations have a dominant influence, which can be large eve
the lock-on range. In particular it was found that the periodical inflow disturbances bring about more intensive surface
and skin friction fluctuations. A rapid growth of pressure and wall shear stress fluctuations has been noticed near the s
point. The oscillations of the incident flow considerably change the vortex street geometry. Lock-on synchronisation a
the eddies characterized by a frequency close to the subharmonic of inlet oscillations. The present results revealed also
tendency toward the shortening of the vortex formation length and significant growth of the time and linear micros
turbulence in lock-on conditions. Substantial effects are noted also with respect to the distributions of random and p
fluctuations near the vortex formation distance, where theconcentration of the total turbulence energy takes place.

Additional evidence concerning the role of inflow periodical disturbances in the near wake modification was obtain
analysis of the convective transport of turbulent kinetic energy. In lock-on conditions the turbulence energy transport
convection becomes more intense. Its amplification is especially noted in the wake axis region.

Summing up, the present research has confirmed previous suggestions that the vortex forming and turbulence s
the near-wake-flow can be modified in promising ways through a change of oscillatory inlet conditions.
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[15] A. Jarża, M. Podolski, A study of turbulent transport processes in thenear wake of cylinder under controlled inflow oscillations,

Advances in Turbulence VIII, Proc. of VIII European Turbulence Conference (ETC8), 2000, p. 960.
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