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Abstract 
The effect of a free-surface, on both stationary and oscillating 
cylinders has been studied by simultaneously measuring the 
structure of the near wake and the forces on the cylinder. As the 
stationary cylinder approached the free-surface three different 
wake modes were observed: closer to the surface periodic vortex 
shedding did not occur and the two wake modes differed 
significantly from the fully submerged Kármán wake, while for 
the third mode at deeper submergence depths the response of the 
wake to the Kármán instability appeared to be amplified. For 
both the stationary and oscillating cylinders the presence of the 
free-surface caused the wake to become non-symmetric and there 
was a net negative lift force on the cylinder. 

Introduction  
Unbounded flow past a stationary cylinder results in periodic 
shedding of vortex structures from the cylinder and the formation 
of the characteristic Karman street. However, when the flow is 
bounded by a surface the structure of the wake and the forces on 
the cylinder can be significantly altered. Bearman & 
Zdravkovich [1] found that as a cylinder approached a solid 
surface there was a change in the pressure distribution around the 
cylinder: the front stagnation point rotated towards the surface 
and there were corresponding changes in the separation points. 
The non-symmetric pressure distribution resulted in a net force 
acting to push the cylinder away from the solid surface. At larger 
gaps between the surface and the cylinder there was periodic 
vortex shedding, despite a slightly non-symmetric pressure 
distribution, while at smaller gaps periodic shedding was 
suppressed. Price  et al [8] showed that as the gap varied the flow 
could be characterised into distinct regions depending primarily 
on the suppression or nature of vortex shedding. They also found 
that the close proximity of the cylinder caused separation of the 
solid surface boundary layer, where the location of separation, 
and the extent of the boundary vorticity, varied with the gap 
between the cylinder and the solid surface. 
The case of a cylinder underneath a free-surface is similar to the 
solid surface case. As for the solid surface, a rotation of the 
stagnation and separation points, a non-symmetric pressure 
distribution and a net negative lift force are observed as the 
cylinder approaches the free-surface, [7]. In contrast to a solid 
surface, vorticity is not generated along a flat free-surface, 
however the low pressure regions generated by flow over the 
body can cause surface deformation and the generation of free-
surface vorticity. The level of surface deformation varies with 
the Froude number Fr, where Fr = U/(g D)1/2. Thus, as shown by 
Sheridan et al [11], the structure of the wake varies not only with 
the depth of the cylinder below the surface, h/D but also with the 
Froude number. The structure of the cylinder’s wake underneath 
a free-surface has a number of characteristic features. Flow 
visualisation of polystyrene beads and numerical simulation by 
Miyata et al [7] indicated that the lower shear layer has a distinct 
downwards angle, while quantitative PIV measurements by 
Sheridan  et al [11] and subsequent flow visualisation [6], 
identified two distinctly different wake states which occurred 
when the cylinder was close to the free-surface. A feature of the 

wake
was 
Inter
How
diam
cylin
whic
Whi
surfa
force
wake
this 
wake
the 
velo
at a 
In m
boun
there
Carb
that 
least
wher
frequ
char
obse
amp
jump
phas
state
low-
wake
shea
lift f
cylin
muc
simi
trans
shift
state
The 
surfa
the o
surfa
appa
force
the 
case

Exp
The 
at L
with
unde
para
0.08
num

785
e Presence of a Free-Surface 

 D. Rockwell2 
Engineering 
, 3800 AUSTRALIA 
ring and Mechanics 
A, 18015, USA 

 states identified by Sheridan et al [11] for 0.22≤Fr≤0.97 
the significant surface deformation at higher Fr. 

estingly, the wake states depended on both Fr and h/D. 
ever, neither the Froude number based on the cylinder’s 
eter, or an alternative Froude number based on the 
der’s depth, allowed the identification of a critical value at 
h the wake transitioned between the two states. 
lst separate studies have shown that the presence of a free-
ce can cause changes in the wake structure or changes in the 
s on the cylinder, a systematic link between changes in the 
 and the forces on the cylinder is yet to be established. In 

paper the link between the changes in the structure of the 
 and the forces on the cylinder as the cylinder approaches 

free-surface is investigated using simultaneous force and 
city field measurements. The experiments were undertaken 
relative low Fr, where the free-surface tends to remain flat. 
any respects a free-surface at low Fr is the simplest 

dary condition, as for all but the smallest values of h/D, 
 is no generation of vorticity at the free-surface.  
erry et al [3] have shown that a fully submerged cylinder 
is forced to oscillate transverse to the free-stream exhibits at 
 two different wake states depending primarily on fe/fo, 
e fe is the frequency of oscillation and fo is the Kármán 
ency of the stationary wake. As fe/fo passes through unity a 

acteristic jump in the phase and amplitude of the lift force is 
rved over a wide range of Reynolds numbers and oscillation 
litudes, [2, 12, 10, 3, 4]. Carberry et al [3] showed that the 
 in the lift force corresponds to a change in the mode and 
e of vortex shedding, and the two distinctly different wake 
s for fe/fo below and above the jump were defined as the 
 and high-frequency states respectively. The low-frequency 
 state is characterised by the formation of long attached 

r layers resulting in the 2P mode of vortex shedding and the 
orce on the cylinder is approximately out-of-phase with the 
der’s oscillation. In the high-frequency state the wake is 

h narrower and the resulting 2S mode of vortex shedding is 
lar to the Kármán wake of a stationary cylinder. As the wake 
itions from the low- to high-frequency state there is a phase 
 of approximately π and the lift force of the high-frequency 
 is approximately in-phase with the motion of the cylinder.  
case of transverse cylinder oscillations underneath a free-
ce is interesting as the depth of the cylinder varies during 
scillation. It is not known how the presence of the free-
ce alters the wake states of an oscillating cylinder, or if the 
rently robust jump in the phase and amplitude of the lift 
 that is observed over a wide range of flow parameters for 

fully submerged cylinder also occurs for the free-surface 
. 

erimental Method 
experiments were performed in a free-surface water channel 
ehigh University. The cylinder, 25.4 mm in diameter and 
 an aspect ratio of 12.5, was mounted horizontally 
rneath the free-surface and fitted with end plates to promote 
llel shedding. The free stream velocity U was constant at 
3 mm/s giving a Reynolds number Re = 2100 and a Froude 
ber, Fr = U/(g D) of 0.166. Two different scenarios, a 



stationary cylinder and a cylinder oscillating transverse to the 
flow, were examined. In both cases h, the depth of the cylinder 
was measured from the undisturbed free-surface to the top of the 
cylinder, where for the oscillating cylinder this measurement was 
taken from the top of the cylinder’s motion. For the stationary 
cylinder a range of cylinder depths were considered, 
0.079<h/D<3.0, where D is the diameter of the cylinder, while 
for the oscillating cylinder h/D = 3/16. 
The motion of the oscillating cylinder was given by: 

y(t) = A sin(2πfe t) (1) 
where A, the amplitude of oscillation was equal to A/D = 0.5, 
and the frequency of oscillation was varied between 
0.76≤fe/fo≤1.05. In all cases the wake was locked-on to the 
sinusoidal oscillation of the cylinder and the non-
dimensionalised lift force can be represented by: 

CL(t) ≈ CL sin(2πfet + φlift) (2) 
where CL is the amplitude of the lift force and φlift is its phase 
with respect to the motion of the cylinder. The results for a 
cylinder oscillating at h/D = 3/16, were compared with the 
results for a fully submerged cylinder. The time varying lift force 
on the cylinder was measured by strain gauges mounted on a 
support sting. For the oscillating cylinder the inertia force due to 
the vertical acceleration of the cylinder’s mass was subtracted 
from the lift force. The near wake velocity field was measured 
using a laser scanning version of high-image density PIV [9]. 
The images were recorded on high resolution 35 mm film and 
digitised at 106 pix/mm resulting in velocity fields with 
approximately 3500 vectors. The mean vorticity fields were 
calculated from 2-4 complete oscillation cycles, where each 
cycle contained 8 images.  

Results and Discussion  
Stationary Cylinder 
The mean lift force, CL mean on a fully submerged cylinder is 
zero, however as the cylinder approaches either a solid or free-
surface the cylinder experiences a net lift force away from the 
surface. In these experiments, at Fr = 0.166, CL mean became 
significantly negative as the cylinder’s depth becomes less than 
h/D = 3.0, Figure 2. For h/D ≥ 3.0 the lift forces on the cylinder 
do not vary significantly as h/D is increased further and the 
cylinder is effectively fully submerged. At h/D = 3.0 CL mean is 
not exactly equal to zero which was attributed mainly to 
experimental drift of the strain gauges. Within the region where 
the cylinder’s wake is affected by the free-surface, or the free-
surface region, three distinctly different wake states were 
observed. The wake modes and lift forces corresponding to these 
states are described in the following sections. It is expected that 
the extent of the free-surface region and the bounds of a given 
wake state will vary with Fr, however the nature of this variation 
is not known. 
Mode I Wake: 0.5<h/D≤3.0: Figure 1a 
The first wake state as the cylinder moves from being fully 
submerged into the free-surface region occurs for cylinder depths 
of 0.7≤h/D≤3.0. Many of the features of this wake state are 
similar to the fully submerged Kármán wake and the wake is 
effectively a modified Kármán wake. Vorticity of alternating 
sign is shed periodically from the cylinder, Figure 1a and the 
modified Kármán wake is termed a Mode I wake. The wake of 
the fully submerged cylinder at Re = 2100 has a very long 
formation length and in general, the vortex shedding is less 
organised than for Re well above or below 2100. The 
corresponding lift force on the cylinder has relatively small 
amplitude fluctuations, which are subject to “die out” 
intermittently as the vortex shedding becomes disorganised. As 
h/D is reduced below 3.0 the vortex shedding becomes more 
organised. Figure 2 shows that the lift force is larger in amplitude 
and, as shown in the force insert of Figure 1a, the lift is strongly 
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dic resulting in a sharp well defined Strouhal peak. Closer 
ination of the instantaneous vorticity fields and lift traces 
ated that an increase in the amplitude of the lift force 
sponds to a systematic decrease in the wake’s formation 

th as h/D decreases from 3.0 towards 0.7. This relationship 
also observed for instantaneous wakes and lift forces as the 
 varied during an experiment at a constant value of h/D.  

e 1   Instantaneous vorticity fields showing the variation of wake 
 with cylinder depth: a) Mode I, h/D = 1.0, b) Mode II, h/D = 0.125, 
ode II, h/D = 0.079. The lift traces corresponding to the images are 
n in the force inserts , where the small circle indicates the time at 
h the image was acquired. 

ough the mode I wake in Figure 1a appears relatively 
etric, the net negative lift force on the cylinder, shown in 

re 2 indicates that there is an asymmetry in the generation 
distribution of vorticity. Interestingly the non-symmetry in 
ode I wake appears to enhance the Karman instability, with 

a) Mode I

b) Mode II

c) Mode III



more organised vortex shedding occurring closer to the cylinder 
and an increase in the fluctuating forces on the cylinder. 
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Figure 2   Variation of the mean and standard deviation of the lift force 
coefficient with cylinder depth, h/D. The standard deviation of the lift 
force CL σ is used to represent the amplitude of the lift force, as for h/D < 
0.5 the lift force is neither sinusoidal nor periodic. 

Mode II Wake: 0.125≤h/D≤0.5: Figure 1b 
As h/D decreases past 0.7 CL mean continues to decrease, however, 
as shown in Figure 1b there is a dramatic change in the wake 
mode, and a sharp drop in the amplitude of the lift force. The 
mode II wake is characterised by long shear layers with no 
distinct periodic shedding events. As shown by the force insert in 
Figure 1b the lift trace is no-longer periodic and there are no 
strong peaks in the corresponding lift spectra. Examination of the 
lift traces indicates that the major contributions to the standard 
deviation of the lift force, CL σ are associated with fluctuations in 
CL mean. At h/D = 0.5 the wake appears to be switching between 
mode I and mode II as there are times when the lift trace is 
strongly periodic and other times when the fluctuating 
component of the lift is very small. 
In Figure 1b the attached shear layers are significantly longer 
than for either the Mode I or fully submerged cylinder wakes, the 
upper negative shear layer is parallel to the free-surface while the 
positive shear layer has a distinct downwards angle. The high 
velocity fluid in the upper shear layer separates from the cylinder 
but remains attached to the free-surface. The mode II wake is 
similar to the wake state observed by Sheridan et al [11] for 
0.22≤Fr≤0.60, where a jet of high speed fluid separates from the 
upper surface of the cylinder and remains attached to the free-
surface. Unlike the wakes observed for Fr ≥ 0.35, the mode II 
wake at Fr = 0.166 does not result in free-surface waves or the 
generation of free-surface vorticity, and is similar to the wake 
observed by Sheridan et al [11] at Fr = 0.22. At Fr = 0.166 the 
values of h/D over which this wake is observed are much smaller 
and the positive shear layer forms a greater angle at separation. 
Mode III Wake: h/D < 0.125: Figure 1c 
At very small cylinder depths a third wake state is observed. In 
the mode III wake separation of the upper shear layer from the 
cylinder is delayed and the thin jet of fluid above the cylinder 
separates from the free-surface. The generation of net positive 
vorticity is particularly obvious for the mode III wake in Figure 
1c, and CL mean is large and negative. The reason for the small 
increase in CL mean at h/D = 0.079 is not known. As for the mode 
II wake, the lack of organised vortex shedding from the mode III 
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 results in small non-periodic fluctuations of the lift force, 
the lower shear layer has a characteristic downwards angle. 
angle of the lower shear layer for both the mode II and III 
s appears to increase with decreasing h/D. Thus the major 
r which differentiates between the mode II and mode III 
s is whether the fluid above the cylinder remains attached 

r separates from, the free-surface. 
jet in the mode III wake was so thin that it was not fully 
ved by PIV measurements, but it was clearly visible in flow 
lisation. For the majority of the time the thin jet of fluid 
ined attached to the cylinder and there was a systematic 
eam movement of the low speed fluid directly behind the 
der. The migration of fluid upstream caused the attached jet 
come unstable and separate from the cylinder. The free jet 
sted for short periods of time and tended to “flap” at angles 
etween 45 and 60 degrees to the free-surface. The two 
ions of the jet are similar to those shown in Figure 4 of 
idan et al [11]. The short periods of time during which the 
parated from the cylinder appeared to be linked to a general 

nstream movement of the low speed flow behind the 
der. 
separation of the fluid above the cylinder from the free-
ce is indicative of the generation of positive free-surface 
city, and therefore of free-surface deformation. However, 
ficant deformation of the free-surface was not detected. The 
jet wake mode observed by Sheridan et al [11] at higher Fr 
rred at larger h/D values. In this case the high velocity fluid 
ed a strong, apparently stable free jet and there was a clear 
ession of the free-surface behind the cylinder. At their very 
lest h/D values they found that their jet remained attached to 
ylinder and appeared very similar to Figure 1c. 
illating Cylinder 
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e 3   Variation of φlift with fe/fo at A/D = 0.5 for a cylinder oscillating 
 a free-surface, h/D = 3/16 and a fully submerged cylinder.   

low- and high-frequency wake states of a fully submerged 
der occur over a wide range of Re and A/D, and the 
ition between the two states corresponds to a jump in the 
e and amplitude of the lift force. As the depth at which the 
der oscillates is reduced to h/D = 3/16 the characteristic 
 in the lift force still occurs around, or just before, fe/fo ≈ 1. 
hown in Figure 3 the variation of φlift with fe/fo is very 

lar for both the fully submerged and free-surface cases. At 
= 3/16 φlift has a number of intermediate values during the 
, indicating that the nature of the transition between the low- 
high-frequency states is altered by the free-surface. For all 
es of fe/fo at h/D = 3/16 CL mean was negative, indicating that 

ake is non-symmetric. Therefore although the variation of 
φlift with fe/fo indicates that the wake can be described in 
s of the low- and high-frequency states, as we shall 
onstrate, the presence of the free-surface does alter the 
ture of the near wake.  



For a fully submerged cylinder both the Kármán wake of the 
stationary cylinder and the low- and high-frequency states of the 
oscillating cylinder are symmetric about the horizontal axis. 
However, as seen in Figure 1, close to the free-surface the wake 
of a stationary cylinder becomes strongly non-symmetric. In 
Figure 4(a & b) the mean vorticity fields for two different 
cylinder positions are shown. The prominent central image of the 
cylinder is at the mid-point of the oscillation, while background 
images at the top and bottom of the oscillation demonstrate the 
extent of the cylinder’s motion. The mean vorticity field of a 
fully submerged oscillating cylinder is shown in Figure 4a for a 
wake that is in the high-frequency state, where vortices are shed 
in the Kármán or 2S mode. The structure of the fully submerged 
mean vorticity field is similar to the mean field for 2S shedding 
from a submerged elastically mounted cylinder, [5]. In both cases 
the mode of vortex shedding is similar to the Kármán shedding 
from a stationary cylinder, although the cylinder’s oscillation 
causes a significant decrease in the length of the recirculation 
region.  

Figure 4   Mean vorticity fields for an oscillating cylinder which is a) 
fully submerged and b) where the depth of the cylinder at the top of the 
oscillation is h/D = 3/16. In both cases the amplitude of oscillation is A/D 
= 0.5 and the wake is in the high-frequency state where fe/fo = 0.815 and 
0.951 in a) and b) respectively. 

When the depth of the oscillating cylinder is reduced to h/D = 
3/16 the high-frequency wake mode is still 2S, however the 
distribution of vorticity during the shedding cycle appears to be 
non-symmetric and the vortex structures are generally less 
organised. The mean vorticity field in Figure 4b shows that on 
average the lower shear layer has a distinct downwards angle and 
the wake is clearly non-symmetric, with a corresponding net lift 
of CL mean = -0.29. The mean vorticity field of the oscillating 
cylinder in Figure 4b has similar non-symmetric characteristics 
to the instantaneous vorticity fields of the mode II and III wakes 
shown in Figure 1(b & c). In Figure 4b the averaging of the 
vorticity removes the periodicity of the wake, allowing 
examination of the mean effect of the free-surface, while for the 
mode II and III wakes in Figure 1(b & c) the general structure of 
the wake is essentially non-periodic. Interestingly, despite the 
physical differences between a stationary and oscillating 
cylinder, in both cases the lower shear layer has a characteristic 
downwards angle and CL mean is negative. 
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clusions 
he depth of a stationary cylinder below a free-surface is 
eased three different wake states are observed. The 
ification of the Kármán wake by the free-surface in the mode 
ke state results in a shorter formation length and an increase 
e CL σ. The mode II wake, with high velocity fluid moving 
rneath the free-surface, and the mode III wake with a thin jet 
uid separating from the free-surface are similar to the wakes 
rved by Sheridan  et al [11] at higher Fr. However, at lower 
e free-surface appears flat and significant levels of positive 
surface vorticity are not detected. Periodic vortex shedding 
 not occur for the mode II and mode III wakes and CL σ is 
 small. For both the stationary and oscillating cylinders, the 
nce of the free-surface causes a non-symmetry of the wake, 
ower shear layer has a characteristic downwards angle and 
ean is negative. However, as the frequency of the oscillating 
der passed though unity the characteristic jump in the phase 
amplitude of the lift force was observed for both the fully 
erged and free-surface cases. 
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