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The wake structure of a circular cylinder in non-reversing pulsating flow is investigated by means of par-
ticle image velocimetry. Measurements are reported for pulsations at twice the natural frequency of vor-
tex shedding in the unforced wake and for forcing amplitudes up to 23% at a constant Reynolds number of
2150. For the parameters employed the vortex shedding locks-on to the sub-harmonic of the pulsation
frequency and a resonant wake is formed. The mean velocity field and the distributions of the total
and coherent Reynolds stresses show that the averaged wake structure is systematically modified by
the flow pulsations. It is shown that this modification is caused by changes in the dynamics of vortex for-
mation and shedding primarily in the near wake. The recirculation bubble and the vortex formation
region decrease in size, the global peak values in the distributions of the total and coherent Reynolds
stresses increase asymptotically whereas the vortex strength and the mean drag coefficient increase
almost linearly with increasing forcing amplitude. The measures of the minimum wake width in the for-
mation region do not exhibit any variation with amplitude even though the wake downstream of the for-
mation region is wider in pulsating flow due to the increased strength of the shed vortices.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

The control of the wake structure behind a circular cylinder can
be considered as a paradigm for control of unsteady separated
flows. Both active and passive methods have been reported in
the published literature to achieve multifaceted objectives such
as drag reduction, heat/mass transfer intensification, mixing
enhancement, and noise/vibration suppression. Pertinent reviews
on the subject can be found in Griffin and Hall (1991) and most re-
cently in Choi et al. (2008) among others. Passive control is
achieved primarily by modification of the cylinder geometry, e.g.,
by the addition of helical strakes, bumps or tabs on the external
surface which induce a three-dimensional perturbation in the flow.
In open-loop active control, the intrinsically unsteady wake is com-
monly perturbed by a periodic excitation such as rectilinear or
rotational cylinder oscillations, flow pulsations, sound forcing, suc-
tion/blowing, synthetic jets or even surface deformations. These
methods attempt to modify the dynamics of flow separation and
vortex formation in nominally two-dimensional wakes. Closed-
loop or feedback control schemes have also been developed but,
as Choi et al. (2008) point out, such schemes require a great deal
of effort and instrumentation and are thus unlikely to be imple-
mented in practical situations. Therefore, the investigation of
ll rights reserved.

tantinidis).
open-loop and feedback control methods should continue in paral-
lel in order to achieve the desired objectives.

The present study examines the wake structure of a circular cyl-
inder in pulsating flow, i.e. an unsteady non-reversing flow with
forced sinusoidal fluctuations superimposed on the average flow
velocity. Pulsating flow offers a potential method of controlling
the wake structure via the frequency and amplitude of forcing
and is relevant to many engineering applications. Most of the pre-
vious work on this subject has concentrated on vortex shedding
lock-on, i.e. the regime in which the vortex shedding frequency
is controlled by the pulsation frequency. Barnes and Grant (1983)
were possibly the first to show that there is a range of excitation
frequencies around twice the natural vortex shedding frequency
for which the wake locks-on to half the pulsation frequency. A
number of subsequent experimental studies have confirmed the
existence of lock-on phenomenon and investigated its effects on
unsteady pressure and forces (Barbi et al., 1986), the wake and tur-
bulence structure (Armstrong et al., 1987; Konstantinidis et al.,
2003; Jarza and Podolski, 2004), and heat/mass transfer (Telionis
et al., 1992; Perwaiz and Base, 1992; Sung et al., 1994; Kikuchi
et al., 2000). The effect of cylinder geometry on the lock-on range
was also investigated from the point of view of vortex flow-meter
performance (Armstrong et al., 1986; Al-Asmi and Castro, 1992;
Wolochuk et al., 1996). More recently, particle image velocimetry
(PIV) has been employed to characterize in detail the wake struc-
ture in pulsating flow under lock-on conditions (Kim et al., 2006;
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Fig. 1. Schematic of the experimental set-up.
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Konstantinidis et al., 2005a) and the modification in the vortex
shedding patterns (Konstantinidis et al., 2005b, 2007). Despite
the large number of studies cited above, the effect of pulsation
amplitude on the wake structure has not been considered system-
atically due to associated experimental difficulties in producing
good quality pulsations of various amplitudes in flow facilities.
Using a purpose-built facility for pulsating flow, it was made pos-
sible to overcome the above limitations. In a previous study, the ef-
fect of pulsation amplitude on the flow characteristics along the
wake centerline was considered briefly through point-wise mea-
surements using laser Doppler velocimetry (Konstantinidis et al.,
2003). The present paper is an extension of that work to planar
measurements using PIV in order to gain a better understanding
of the effect of pulsation amplitude.

In addition to the above-stated objective, the flow about a circu-
lar cylinder has been widely accepted as a test case for the valida-
tion of numerical codes in computational fluid dynamics, (see, e.g.,
Breuer, 2000). However, the emphasis has been placed on the rel-
atively simple case of a cylinder in uniform steady flow. With the
increasing application of flow control it becomes increasingly
important to verify that the numerical schemes can predict accu-
rately the changes brought about to the flow field by active and
passive control methods such as perturbations of the flow or the
geometry. The present study provides information on the mean
velocity field, the distribution of the total and coherent Reynolds
stresses in the locked-on wake of a circular cylinder, and on global
wake parameters that may be readily used for verification pur-
poses, i.e. the recirculation bubble and vortex formation lengths,
maximum Reynolds stresses and vortex strength as well as the
drag force coefficient and their variations as a function of the forc-
ing amplitude.

2. Experimental techniques

The experiments were conducted in a recirculating-type water
rig purpose-built to generate pulsating flow. Its main feature is
the independent control of the frequency and the amplitude of
the imposed flow pulsations produced by periodically blocking
part of the flow via a rotating slot valve. By adjusting the ratio of
perturbed/unperturbed flow different pulsation amplitudes can
be achieved. The pulsating inflow velocity can be approximated
as a sinusoidal function of time

UðtÞ ¼ Um þ
DU
2

sinð2pfetÞ; ð1Þ

where Um is the mean inflow velocity and DU is the peak-to-peak
amplitude of velocity fluctuation and fe is the pulsation (excitation)
frequency of the flow. The inflow velocity, pulsation frequency and
amplitude were monitored by a laser-Doppler system providing
time-resolved velocity measurements upstream of the test model.
Details of the experimental configuration have been described in
previous work and will not be repeated here in full (see Konstantin-
idis et al., 2003, 2005a, 2007). Briefly, the flow passes through a
honeycomb, a series of perforated plates and a 9:1 area-ratio con-
traction and enters the test section having a uniform profile with
a variation less than 1% in the core and a turbulence intensity of
3%. The cross-sectional area of the test section measures
72 � 72 mm2. An acrylic circular rod with polished surface,
7.2 mm in diameter, was mounted horizontally in the centre of
the test section. This configuration results in an aspect ratio of
length/diameter of 10 and a flow blockage of 10%. It is well known
from previous studies that the aspect ratio and blockage introduce
three-dimensional effects and distort the flow around the cylinder
compared to the canonical case of unconfined flow around infinitely
long cylinders in a complex way. Although it is expected that these
parameters do not have a considerable effect, strictly speaking the
results obtained in the present study are applicable for the particu-
lar experimental configuration employed; the cylinder aspect ratio,
the flow blockage, the turbulence level of the inflow and the prox-
imity of the test section walls are expected to have some influence.
Nevertheless, the canonical case cannot be easily realized in a phys-
ical experiment; this would necessitate the use of a very small cyl-
inder. On the other hand, there exist competing requirements for
accuracy and sufficient spatial resolution of the wake field as mea-
sured by PIV. After considerable analysis of the competing require-
ments, a set of flow parameters which is acceptable in terms of
aspect ratio and blockage was employed while at the same time
PIV settings were optimized as detailed below. It is worth noting
that with current computational capabilities a 3-D mesh of the en-
tire flow configuration can be constructed so that numerical predic-
tions may be directly compared against the present experiments
without the need to invoke ad hoc boundary conditions (see, e.g.,
Mittal, 2001).

The origin of the coordinate system was taken at the centre of
the cylinder with the x-axis measured in the direction of the flow
and the y-axis perpendicular to the flow and the cylinder axis.
The velocity components in the x- and y-axis are denoted u and
v, respectively.

The instantaneous velocity fields in the wake behind the cylin-
der model were measured with a double-pulsed particle image
velocimeter (PIV). The system consists of a continuous Ar–Ion laser
source, a high-resolution PCO SensiCam digital camera
(1024 � 1240 pixels2), an electro-optical shutter connected to a
synchronization unit for producing light pulses and setting the
pulse delay and an acquisition board on a personal computer as
shown schematically in Fig. 1. The fluid was seeded with 10 lm sil-
ver-coated hollow-glass spheres with a specific gravity of 1.1 and
the wake was illuminated by a 800-lm thick laser sheet perpen-
dicular to the cylinder axis at midspan. The field of camera view,
i.e. the measurement domain is 0.35 < x/d < 7.5 and �3 < y/d < 3.
Image pairs were analyzed by employing an adaptive cross-corre-
lation methodology on 32 � 32 pixels2 interrogation windows with
50% overlap (Konstantinidis et al., 2005a). For these PIV settings,
the optimization criteria regarding the particle image density, the
relative in-plane motion, the relative out-of-plane motion and
the velocity gradient parameter suggested by Keane and Adrian
(1990) were satisfied. This method of analysis yields 4584 velocity
vectors in each instantaneous field excluding the regions covered
by the cylinder and its shadow. The spatial resolution of the mea-
surement grid is approximately 0.1 d which is sufficient to resolve
the flow scales of interest in the present study. Due to the slow re-
sponse time of the image acquisition system, the sampling fre-
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quency (1 Hz) was much lower than that of the pulsations or that
of vortex shedding. Therefore, the instantaneous velocity fields are
statistically independent. A total number of 450–480 snapshots of
the velocity field were obtained for further statistical processing.

3. Results and analysis

The results reported in this paper were obtained for steady (un-
forced) and pulsating (forced) flow at a Reynolds number of
Re = 2150 based on the cylinder diameter, the inflow mean velocity
and the kinematic viscosity of water. The pulsation frequency was
maintained constant at fe = 17.8 Hz which is twice the natural vor-
tex shedding frequency in the unforced wake, fv0. The correspond-
ing Strouhal number in steady flow is equal to St = 0.215. The
pulsation amplitude was varied resulting in velocity amplitude ra-
tios of DU/Um = 0.08, 0.12, 0.18 and 0.23 peak-to-peak. The above
parameters in the frequency–amplitude space correspond to the
vortex shedding lock-on regime well above the threshold limit
(see Konstantinidis et al., 2003). In the following sections, the ef-
fect of varying the pulsation amplitude on the wake structure is
examined in detail.

3.1. Mean velocity field

Fig. 2 shows the velocity vectors, contours of the velocity mag-
nitude and streamlines of the mean flow field for three different
amplitudes of imposed flow pulsation. In Fig. 2 (left column) the
Fig. 2. Velocity vectors, contours of velocity magnitude and sectional str
velocity vectors are shown at the measurement locations of the
raw data as well as for data reflected in the wake axis. The raw
and reflected data overlap indicating that the flow is symmetric.
Further checks of the mean velocity profiles (not shown here for
economy of space) verified the flow symmetry, therefore, this
property was employed in order to effectively double the number
of instantaneous velocity fields used for the production of the dis-
tributions of the mean velocity magnitude, streamlines and Rey-
nolds stresses shown in Fig. 2 and subsequent figures. For steady
flow without superimposed pulsations, two recirculating eddies
exist in the near wake that extend to 2.1 diameters beyond the cyl-
inder centre delineating a region of reversed flow, the so-called
‘recirculation bubble’. The length of the recirculation bubble (lb)
is marked by the location along the wake axis at which the axial
mean velocity is zero. The variation of the normalized recirculation
bubble length with the pulsation amplitude is listed in Table 1.
With increasing the amplitude, the recirculation bubble gradually
shrinks in size and is nearly eliminated at the highest amplitude
employed. The gradual modification of the wake structure with
pulsation amplitude can also be observed in the distribution of
the velocity magnitude (Fig. 2, middle column); the region of low
velocities near the base of the cylinder reduces in size and the
velocity defect along the wake centreline recovers more rapidly
with increasing amplitude. The area of the contour of maximum
velocity magnitude (1.3Um) decreases in size as the pulsation
amplitude increases indicating a more localized acceleration of
the flow over the apex of the cylinder. The effect of amplitude is
eamlines of the mean flow field; (a) DU/Um = 0.00, (b) 0.08, (c) 0.23.



Table 1
Wake structure of the mean flow at different pulsation amplitudes

DU/Um lb/d (x/d)min (dw/d)min (dw/d)@x = 5d

0.00 2.08 2.0 0.48 1.58
0.08 1.17 1.1 0.46 1.92
0.12 0.93 0.9 0.46 2.16
0.18 0.77 0.8 0.46 2.10
0.23 0.61 0.7 0.45 2.04
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more clearly seen in the mean flow streamlines (Fig. 2, right col-
umn). It should be noted that the accuracy of the streamlines close
to the cylinder surface at a distance <0.05 d is limited since no
measurements were made in this region (cf. to velocity vectors).
Zero velocities were assumed on the cylinder wall in order to inter-
polate the results in the region close to the cylinder.

One of the parameters describing the wake structure of the
mean flow is the ‘half-wake’ width dw which denotes the trans-
verse distance off the wake axis marked by the mean velocity

Uðx; y ¼ dwÞ ¼
UmaxðxÞ � UminðxÞ

2
ð2Þ

where the overbar denotes time averaging. The half-width varies
along the wake axis reaching a minimum value within the recircu-
lation bubble and increasing asymptotically further downstream.
Table 1 lists the location and value of the minimum half-wake
width as well as its value at x/d = 5. The location (x/d)min at which
the minimum half-wake width occurs follows a similar trend to that
of lb/d whereas the value of (dw/d)min does not vary appreciably
with the forcing amplitude. However, the half-wake width at x/
d = 5 is approximately 30% narrower in steady flow than in pulsat-
ing flow. Note that the slight variation of dw with forcing amplitude
in pulsating flow is within the level of accuracy in determining this
length scale (±0.025 d).

3.2. Total Reynolds stresses

The distribution of the total Reynolds stresses in the wake for
different pulsation amplitudes is shown in Fig. 3. The conventional
Reynolds decomposition is employed to segregate the instanta-
neous velocity field into mean and fluctuating parts

uiðx; yÞ ¼ Uðx; yÞ þ u0iðx; yÞ
viðx; yÞ ¼ Vðx; yÞ þ v0iðx; yÞ

ð3Þ

Thus, the stresses shown here include contributions from both the
periodic (coherent) flow fluctuations due to vortex shedding and
random (incoherent) fluctuations due to turbulence. The Reynolds
stresses are normalized with U2

m. The longitudinal Reynolds stress
u0u0 (left column of Fig. 3) exhibits the characteristic distribution
of wake flows having high intensity along the separating shear layer
and two global extremes off the wake axis. With increasing ampli-
tude, the location of the extremes moves closer to the cylinder and
the corresponding values increase in magnitude. However, the
transverse distance of the extremes does not change with ampli-
tude. This accords with the concept of a universal Strouhal number
St0 suggested by Griffin (1978)

St0 ¼ fvd0

Us
ð4Þ

where fv is the vortex shedding frequency of the forced wake, d0 is
the transverse distance between extremes off the wake axis and
Us is the velocity just outside of the separating shear layer. Since
fv remains constant for the different amplitudes employed due to
lock-on (fv = fe/2) and Us is not significantly affected by the pulsa-
tions (as indicated by the distributions of the velocity magnitude
in Fig. 2), it follows that d0 should also remain constant. It is worth
noting that the superimposition of a small-amplitude periodic pul-
sation in the flow results in an increase in the longitudinal total
Reynolds stress. Nevertheless, the substantial increase in the mag-
nitude of u0u0 seen in Fig. 3 is far greater than that introduced by
the imposed fluctuations; it results from a strong resonance be-
tween the forcing and the wake. Lower or higher excitation fre-
quencies than fe/fv0 = 2 employed here were found to result in a
less marked increase in the longitudinal Reynolds stress. The trans-
verse component of the Reynolds stress v0v0 exhibits a single peak in
the wake centreline as seen in the middle column of Fig. 3. The loca-
tion of the peak moves closer to the cylinder and the peak value in-
creases considerably with increasing the pulsation amplitude. The
most striking feature of these distributions is the existence of a very
strong entrainment of fluid across the wake axis, e.g., for DU/
Um = 0.23 the magnitude of the maximum transverse velocity com-
ponent corresponds to Vmax � 1.3Um, i.e. it far exceeds that of the
mean inflow velocity and is approximately the same as the highest
velocity magnitude over the apex of the cylinder. The Reynolds
shear stress u0v0 distribution is shown on the right column in
Fig. 3. For steady flow, u0v0 exhibits a distribution having two local
extremes of opposite sign within the recirculation bubble followed
by another two global extremes with inversed sign further down-
stream. As the recirculation bubble shrinks in size with increasing
pulsation amplitude, the two local extremes gradually disappear
and the two global extremes move closer to the cylinder in a similar
way as in the distribution of the longitudinal stress. Similarly, the
transverse distance between the global extremes off the wake
centreline is not affected by the imposed pulsations.

3.3. Coherent Reynolds stresses

The contribution of coherent flow structures associated with
periodic vortex shedding plays an important role in cylinder
wakes. In order to extract the velocity fluctuations due to vortex
shedding, proper orthogonal decomposition (POD) is employed.
For details in the implementation of POD with PIV data the reader
is referred to the works by Patte-Rouland et al. (2001) and Graftie-
aux et al. (2001) among others. The choice of the number of modes
is a critical issue in extracting the coherent flow structures from
the lot. Ma et al. (2003) found that only two POD modes are capa-
ble of reproducing the low-dimensional dynamics in unforced cyl-
inder wakes at Re = 610. However, our previous study of forced
cylinder wakes at Re = 2150 showed that six POD modes are
needed to capture bimodal vortex dynamics. Furthermore, the
POD modes up to the sixth order derived from the present data ex-
hibit a sufficient degree of symmetry or anti-symmetry to indicate
a repetitive modal behaviour whereas higher order modes were
rather random. Therefore, it is deemed appropriate to employ six
POD modes to decompose the instantaneous velocity fields into
three components as

uiðx; yÞ ¼ Uðx; yÞ þ ~uiðx; yÞ þ u00i ðx; yÞ
viðx; yÞ ¼ Vðx; yÞ þ ~viðx; yÞ þ v00i ðx; yÞ

ð5Þ

where the tilde denotes coherent fluctuations and the double prime
denotes incoherent fluctuations. The coherent fluctuations are ex-
pressed as a linear combination of the dominant POD modes

~uiðx; yÞ ¼
X6

j¼1

/uðx; yÞai;j

~viðx; yÞ ¼
X6

j¼1

/vðx; yÞai;j

ð6Þ

where Fu(x,y) and Fv(x,y) are the empirical orthonormal POD basis
functions and ai,j are the coefficients derived by projecting the
raw velocity fields onto the POD basis.



Fig. 3. Distribution of the total Reynolds stresses in the wake; left column: u0u0=U2
m, middle column: v0v0=U2

m, right column: u0v0=U2
m; (a) DU/Um = 0.00, (b) 0.08, (c) 0.23.
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Fig. 4 shows the distribution of the coherent Reynolds stresses
in the wake for different forcing amplitudes. All three coherent
Reynolds stress components exhibit similar distributions to those
of the corresponding total Reynolds stresses in Fig. 3 and the same
trend with respect to their variation with forcing amplitude. Fur-
thermore, the global peak values for the coherent part of the Rey-
nolds stresses occur at approximately the same locations as those
for the total part but their absolute values are slightly lower for the
former as would be expected. The above observations indicate that
the effect of forcing amplitude on the unsteady wake structure is
predominantly associated with changes in the dynamics of vortex
formation and shedding. This finding implies that turbulence ef-
fects might be of secondary importance in the overall wake
dynamics; in other words, the primary effects accompanying vor-
tex shedding lock-on might be expected to carry across a wide
range of Reynolds numbers. Indeed, comparisons discussed further
below support this hypothesis.

3.4. Global wake parameters

The variation of the global wake characteristics with forcing
amplitude, i.e. the peak values of the Reynolds stresses and the
downstream locations at which these occur, is summarized in Figs.
5 and 6. As shown in Fig. 5, the peak values for the total Reynolds
stresses increase with increasing amplitude for all components but
the increase is most marked for the transverse stress which is of
considerably higher magnitude than the longitudinal and the shear
stresses. The increase is steeper for low forcing amplitudes and
gradually appears to level off as the amplitude is increased further.
For both the natural and forced wake, the contribution of the
coherent fluctuations to the peak Reynolds stresses is 78%, 87%
and 88% on average for the longitudinal, transverse and shear com-
ponents, respectively. It should be noted that preliminary tests
using a different number of POD modes for steady flow indicated
a minor effect on the results. However, the contribution of the
coherent fluctuations appears to be higher in pulsating flow. This
might be attributed to two factors: firstly, lock-on synchronizes
the wakes fluctuations and the effect of cycle-to-cycle variations
in the vortex formation and shedding process are alleviated. Sec-
ondly, the flow pulsations impose themselves a coherent fluctua-
tion. As it is shown in the following section, the increase in the
Reynolds stresses is partially associated with an increase in the
strength of the vortices shed from the cylinder. It might be argued
that the vortex strength cannot increase indefinitely with forcing
amplitude and therefore it is reasonable to expect a plateau at high
amplitudes. The location at which the peaks in the longitudinal and
transverse total Reynolds stresses occur, denoted lu and lv respec-
tively, are shown in Fig. 6. The variation of the vortex formation
length lf is also shown in the same figure. The vortex formation
length was determined from the location in the wake centreline
at which the fluctuations of the longitudinal velocity are maxi-
mum, a widely employed definition proposed by Griffin (1995).
The length scales are normalised with the cylinder diameter in
Fig. 6. The same trend is observed for all measures of the vortex



Fig. 4. Distribution of the coherent Reynolds stresses in the wake; left column: u0u0=U2
m, middle column: v0v0=U2

m, right column: u0v0=U2
m; (a) DU/Um = 0.00, (b) 0.08, (c) 0.23.

Fig. 5. Variation of the total (full symbols) and coherent (open symbols) peak
Reynolds stresses with amplitude ratio; squares: u0u0=U2

m, ~u~u=U2
m; circles: v0v0=U2

m,
~v~v=U2

m; triangles: u0v0=U2
m, ~u~v=U2

m.

Fig. 6. Variation of the locations of maximum longitudinal and transverse velocity
fluctuations in the wake centreline and of the vortex formation length with
amplitude ratio.
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formation region with forcing amplitude, i.e. a gradual decrease
with increasing forcing amplitude up to a limit imposed by the
presence of the cylinder.

Table 2 provides a comparison of the global peak Reynolds
stresses shown in Fig. 5 with other published data for both steady
and pulsating flow (Kim et al., 2006). The present data reported in
the table for pulsating flow refer to the same forcing amplitude
(10% peak-to-peak) employed by Kim et al. and were obtained by
linear interpolation among the measured data. It can be observed
that for steady flow, the peak values for the longitudinal and trans-
verse total stress components in the natural wake are approxi-
mately 12% lower in the present study compared to those by Kim
et al. for a lower Reynolds number whereas the peak total shear
stress has a similar value in both cases. For both Reynolds num-



Table 2
Comparison of peak Reynolds stresses in natural and forced (fe/fv0 = 2.0, DU/Um = 0.10) wakes

Study Re Mode u0u0=U2
m v0v0=U2

m u0v0=U2
m ~u~u=U2

m ~v~v=U2
m ~u~v=U2

m

Kim et al. (2006) 360 Natural 0.18 0.38 0.09 0.14 0.34 0.08
forced 0.30 0.52 0.12 0.24 0.47 0.12

Present results 2150 Natural 0.16 0.33 0.09 0.12 0.29 0.08
forced 0.31 0.60 0.16 0.25 0.52 0.14
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bers, the peak values are considerably magnified due to vortex
shedding lock-on but the magnification appears more pronounced
for the higher Reynolds number. However, turbulence effects mask
the dynamics of vortex shedding. Therefore, it is more appropriate
to compare directly the coherent contribution to the Reynolds
stresses induced by vortex shedding. Table 2 shows that there is
a close agreement in the peak values of the coherent Reynolds
stresses for both natural and forced wakes at the two different Rey-
nolds numbers compared. This result strongly supports the view
that the effects of vortex shedding lock-on carry across a wide
range of Reynolds numbers from few hundred up to several thou-
sands so long as the attached boundary layer remains laminar until
separation since the coherent contributions in the wakes of circular
cylinders is similar over this range (Balachandar et al., 1997). How-
ever, it should be pointed out that the wake is more susceptible to
vortex shedding lock-on at high Reynolds numbers since synchro-
nization occurs over a wider range of frequencies for high Reynolds
numbers as discussed in Konstantinidis et al. (2003). This might be
attributed to differences in the details of boundary layer separation
which poses an interesting issue for further study.

3.5. Vortex strength

The instantaneous velocity field in the cylinder wake exhibits
both coherent and incoherent structures. The former are due to
the organized flow induced by periodic vortex shedding from alter-
native sides of the cylinder while randomness ensues due to the
turbulent nature of the wake at subcritical Reynolds numbers
(350 < Re < 2 � 105). As an example, Fig. 7 shows the distribution
of out-of-plane vorticity xz computed from snapshots of the
Fig. 7. Instantaneous snapshots of the out-of plane vorticity in the wake; (a) steady
flow, (b) pulsating flow, DU/Um = 0.23. Contour levels: xzD/U = ±1, ±2, . . . ,±8.
instantaneous velocity field in steady and forced flow. Velocity gra-
dients were computed employing a least-squares formula (Raffel
et al., 1998) in order to smooth distributions of the vorticity
xz ¼ ov=ox� ou=oy. Vorticity values are normalized with the cylin-
der diameter and flow velocity, i.e. xzD/U. Clearly, the distribution
of instantaneous vorticity is associated with alternating vortex
shedding from the sides of the cylinder in both cases. However,
there are some notable differences between steady and forced
flow; the shear layers are elongated and a region of irrotational
(stagnant) fluid exists near the base of the cylinder for steady flow
whereas the shear layers roll-up closer to the cylinder for forced
flow, washing out the fluid from the base of the cylinder and the
vortices are shed away from the centreline. In both cases, small-
scale vortices are embedded on the shear layers separating from
the sides of the cylinder, a typical feature for the Reynolds number
investigated.

The instantaneous vorticity distributions shown in Fig. 7 bear
little information of the average strength of the vortices shed from
the cylinder as the vorticity of the coherent structures is frag-
mented into pieces. In order to extract meaningful information
from the instantaneous velocity fields, a conditional averaging
methodology was employed. The methodology is based on the
cross-correlation between velocity fields as a phase identifier and
has been validated in Konstantinidis et al. (2005a). Selected results
obtained from the above methodology are shown in Fig. 8 that
shows phase-averaged vorticity distributions for three different
amplitudes. Due to the averaging, the small-scale vortices embed-
ded on the shear layers are filtered out. For steady flow (Fig. 8a),
the shear layers emanating from the cylinder are elongated and
roll-up further downstream at x � 2 d. The superimposition of flow
pulsations induces a shortening of the vortex formation region and
the roll-up process takes place immediately behind the cylinder.
This process causes the fluid to backwash the rear surface of the
cylinder. With increasing forcing amplitude, the above effects be-
come more pronounced until the vortex formation occurs in a very
narrow region on the back of the cylinder (Fig 8c). These observa-
tions can explain the increased heat/mass transport rates from/to
the cylinder back surface that have been observed in the lock-on
range due to pulsating flow (Sung et al., 1994). It is also worth not-
ing that Park and Gharib (2001) found that for a cylinder oscillating
in cross-flow the increase in the heat transfer rate correlates inver-
sely with the distance at which vortices roll-up behind the cylin-
der, i.e. when the heat transfer increases the distance decreases.
The same scenario appears to be true for locked-on wakes in pul-
sating flow.

Fig. 9 shows the variation of the vortex strength with down-
stream distance from the cylinder for the different amplitudes em-
ployed. The strength C of the vortices shed from the cylinder was
computed from the phase-averaged vorticity distributions using
surface quadrature around the vortex cores as detailed in Konstan-
tinidis et al. (2005b). The normalized vortex strength C(x)/Umd ini-
tially increases, reaches a maximum value and then decreases with
the distance from the cylinder. It is worth noting that extrapolation
of the present data to a distance x = 7 d compares favourably with
the strength estimates of Armstrong et al. (1987) for both steady
and pulsating flow. The location of maximum strength shifts closer
to the cylinder with increasing amplitude ratio. Within the uncer-



Fig. 10. Variation of peak vortex strength with amplitude ratio.

Fig. 8. Distributions of phase-averaged vorticity for different amplitude ratios; (a)
DU/Um = 0.00, (b) 0.12, (c) 0.23. Contour levels: xzD/U = ±0.5, ±1, . . . ,±5.

Fig. 9. Variation of normalized vortex strength with longitudinal distance from the
cylinder for different amplitude ratios.
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tainty of the data, the maximum value Cmax increases almost line-
arly with the amplitude as shown in Fig. 10. However, a careful
examination of the data might indicate that the rate of increase
is slightly higher at low amplitudes than at the two highest ampli-
tudes employed. This observation agrees with the variation of the
maxima in the Reynolds stresses with amplitude in Figs. 3 and 4.
As discussed earlier, it might be expected that the strength of the
coherent vortices cannot increase indefinitely with amplitude but
there is no data available at higher amplitudes to pursue this argu-
ment further.

3.6. Drag force coefficient

The mean drag force on the cylinder can be estimated from
wake measurements using a momentum-based approach (Antonia
and Rajagopalan, 1990). The drag coefficient is given by

CD ¼ 2
Z 1

�1
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Ue � �U
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� �
d

y
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� �
þ 2
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 !
d
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� �
ð7Þ

where Ue is the velocity of the ‘undisturbed’ flow outside the
wake. The drag coefficient was estimated from wake measure-
ments at different stations downstream from the cylinder. For
short distances from the cylinder, i.e. less than the recirculation
bubble length where strong overshoots in the mean velocity pro-
files exist, Eq. (7) resulted in rapidly increasing values of the drag
coefficient which were unacceptably low. Further downstream in
the region 3 < x/d < 7, Ue varied by less than 1% and the estimates
of the drag coefficient exhibited only small deviations from a
constant value. The drag coefficient for steady flow (CD = 1.19)
estimated from Eq. (7) agrees well with reported values in the
published literature considering the flow blockage (10%) in the
present study. For example, the drag coefficient may be compen-
sated for the proximity of solid walls as suggested by Allen and
Vincenti (see Roshko, 1961)
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where CD is the measured and C0D is the corrected value of the drag
coefficient, h is the width of the flow domain and d/h is the blockage
ratio. Implementing the above correction yields a drag coefficient
value equal to 1.09, i.e. 8% lower than the value determined directly
from Eq. (7).

Fig. 11 shows the variation of the mean drag coefficient with
amplitude ratio (not corrected for blockage). Error bars indicate
the standard deviation between the estimates at different longitu-
dinal stations. Within the uncertainty of the data, the results indi-
cate that there is a linear increase of the drag coefficient with
amplitude ratio. The results from the present study are compared
with those from other experimental studies in Fig. 12. Armstrong
et al. (1986) and Jarza and Podolski (2004) employed surface pres-
sure measurements on a cylinder in pulsating air flows. Nishihara



Fig. 11. Variation of drag force coefficient with amplitude ratio.

Fig. 12. Variation of the normalized drag coefficient with amplitude ratio.
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et al. (2005) studied the analogous case of a cylinder oscillating
along the flow direction and employed direct measurements of
the forces with strain gauges in water. In order to compare the re-
sults from the latter study to the present one, the amplitude of cyl-
inder oscillation (Xo) is converted into an equivalent amplitude of
velocity oscillation, DU = 2p fe Xo, or DU=Um ¼ 2pðXo=dÞðfe=f0ÞSt in
dimensionless form. The drag coefficient normalized with its value
in the unforced wake (CD0), is approximately 8% lower in the pres-
ent study than that in the other studies (open circles in Fig. 12).
This deviation might be attributed to differences in the experimen-
tal configurations (particularly blockage), measurement tech-
niques and Reynolds numbers employed. However, if CD0 is
corrected for blockage using Eq. (8) then the corrected data (full
circles in Fig. 12) overlap with the other published data. The pres-
ent results indicate that the drag force variation correlates well
with the inverse of the recirculation bubble length and the vortex
formation length (shown earlier). This is consistent with the find-
ings of Park and Gharib (2001) on heat transfer enhancement
based on the Reynolds analogy between momentum and heat
transport.

4. Conclusions

The present study showed that the wake structure of a circular
cylinder is amenable to systematic modifications by flow pulsa-
tions when the lock-on phenomenon takes place, i.e. when the
forcing frequency is around twice that of vortex shedding without
forcing. The effect of increasing pulsation amplitude is to reduce
the extent of the recirculation bubble and vortex formation region,
increase the magnitude of the velocity fluctuations and the corre-
sponding Reynolds stresses in the wake. These modifications are
caused primarily by changes in the vortex dynamics in the forma-
tion region. The shear layers separating from the cylinder sides
roll-up closer to the cylinder with increasing amplitude inducing
a strong transverse oscillation of the wake. As a result, vortex
strength and the drag force coefficient scale almost linearly with
forcing amplitude. Similar amplitude effects were observed at dif-
ferent forcing frequencies within the lock-on range but these were
less marked away from resonant forcing. Comparisons with the
published literature indicate that the effects of vortex shedding
lock-on carry across a wide range of Reynolds numbers and, to
some extend, to different methods inducing lock-on; hence, it
might be possible to extrapolate data from different configurations
at least for relatively small perturbation amplitudes. The above re-
sults can explain associated changes in heat/mass transfer found in
related studies.
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