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Flow Structure of the Wake behind an Elliptic Cylinder
Close to a Free Surface

Daichin, Sang Joon Lee"
Department of Mechanical Engineering, Pohang University of Science and Technology (POSTECH)

Kyungbuk, Pohang 790- 784, Korea

The flow fields around an elliptic cylinder of axis ratio AR=2 adjacent to a free surface were

investigated experimentally using a water channel. The main objective is to understand the effect

of the free surface on the flow structure in the near-wake. The flow fields were measured by

varying the depth of cylinder submergence, for each experimental condition, 350 velocity fields

were measured using a single-frame PIV system and ensemble-averaged to obtain the spatial

distribution of turbulent statistics. For small submergence depths a large-scale eddy structure

was observed in the near-wake, causing a reverse flow near the free surface, downstream of the

cylinder. As the depth of cylinder submergence was increased, the flow speed in the gap region
between the upper surface of the cylinder and the free surface increased and formed a substantial

jet flow. The general flow structure of the elliptic cylinder is similar to previous results for a

circular cylinder submerged near to a free surface. However, the width of the wake and the angle

of downward deflection of the shear layer developed from the lower surface of the elliptic

cylinder are smaller than those for a circular cylinder.
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1. Introduction

The flow structure of the wake behind a circu

lar cylinder has been extensively studied due to

the simple geometry and wide practical
applications of these cylinders, and because of

academic interest in flow characteristics such as

vortex shedding. Recently, the flow interaction

between the turbulent boundary layer over a flat

plate and the wake behind a cylinder located
nearby has become a research topic of interest.

Bearman & Zdravkovich (1978) measured the

pressure distribution and vortex shedding of a

circular cylinder embedded in a boundary layer

over a flat plate for a range of gap ratios. Vortex
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shedding was found to be restricted for gaps

smaller than a critical gap ratio of 0.3, and the

Strouhal number (St) was almost constant for

gap ratios greater than the critical gap ratio.

Angrilli & Bergamaschi (1982) investigated the
gap effect on vortex shedding from a circular

cylinder and found that the vortex shedding fre

quency increases with decreasing gap ratio.

The effect of a free surface on the flow around

an adjacent circular cylinder has recently been

studied numerically and experimentally. Lin et al.
(1996) studied the flow field of a vertical

oscillating cylinder penetrates through a free wa

ter surface, the resulting flow field revealed that

several patterns of nearly symmetrical vortices

occurred during an oscillation cycle. Lin et al.

(1995) also experimentally investigated the effect

of Reynolds number (from 103 to 104
) on the

instantaneous structure of the near-wake of a
circular cylinder using the PIV technique, and

related this effect to the time-averaged

representations of the loading on the cylinder.



Flow Structure of the Wake behind an Elliptic Cylinder Close to a Free Surface 1785

Sheridan et at. ( 1996) found that vortices

generated from the free surface close to a cylinder

formed a jet-like flow . The instantaneous vortices

shed either side of the jet were found to be rapidly

balanced after the onset of separation from the

free surface.
The elliptic cylinder has a geometric shape and

flow characteristics between those of a circular
cylinder and a flat plate. Chio & Lee (2000)

carried out a series of experiments to investigate

the ground effect on the flow around elliptic

cylinders in a turbulent boundary layer over a flat

plane for various gap distances between the
cylinders and ground. It was found that as the gap

ratio increases the drag coefficient of the cylinder

increases, but the lift coefficient decreases over the
range of gap ratios tested . The drag coefficient of

an elliptic cylinder is about half that of the

corresponding circular cylinder. At small gap
ratios the flow passing through the gap is con

strained and the wake region behind the elliptic

cylinder is smaller than that behind the circular

cylinder.
However, no previous study has investigated

the interaction between a free surface and an

elliptic cylinder near to this surface. The main
objective of the present study was to elucidate the

flow structure of the near wake of an elliptic

cylinder located near a free water surface with

varying submergence depth of the cylinder.

2. Experimental Apparatus and
Methods

The experiments were carried out in a
circulating water channel with a test-section of

width 300mm, depth 250mm and length 1.5m.
An elliptic cylinder with an axis ratio (A R, the

ratio of major axis to minor axis of the cylinder)

of 2 was mounted horizontally beneath the free

surface, as shown in Fig. 1. The major and minor
axes of the elliptic cylinder were A =28.2mm and

B= 14.lmm, respectively. The span (W) of the

elliptic cylinder was 300mm and the correspond

ing aspect ratio (W/ 8 ) is about 21.3. Since the
aspect r-atio is larger than the nominal value

showing 2-D flow structure, the three-
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Fig. 1 Definition of flow and geometrical para
meters

dimensional flow effect is nearly negligible in the

center region of the wake. The gap between the
upper surface of the cylinder and free water sur

face indicates the submergence depth (h) , while

the gap ratio is defined as h*=h/B.
The instantaneous velocity vector fields were

measured using a single-frame double-exposure

PlY system; the experimental arrangement for the
PlY measurements is illustrated as Fig. 2. The

PlY system includes a high speed CCD camera

that capture images with a resolution of 2048 X
2048 pixef at 4 fps (frames per second) , a dual

-head Nd:YAG laser which gives a pulse energy

of 25mJ, a synchronizer and optics. The Nd :YAG

laser and high resolution CCD camera are
synchronized using a control circuit. In the PlY

velocity field measurements, two successive parti

cle images can be recorded either on separate
frames or on a single frame. The single-frame

recording method using double exposures has the
inherent problem of directional ambiguity in the

determination of the velocity vectors. The CCD
camera used in this study has a special built-in

image-shifting feature that is ideal for resolving

the directional ambiguity problem. During the

first exposure of the CCD camera the particle
image obtained by the first laser pulse is recorded

on the CCD cell. During the time interval (t
between consecutive laser pulses, the pixel lines of

the CCD sensor array are translated a

predetermined number of pixel lines. In the

present work the record image was shifted 9
pixels . Details of the single-frame PlY velocity

field measurement technique is described by Shin

et al . (2000). Yestosint®1118 particles of diame

ter 37f-tm were seeded into the working fluid as
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Table 1 Experimental condit ions

Fig. 2 Schematic diagram of the experimental ar
rangement

Gap h (rnrn) 0 2.0 I 6.0 I 10.0 13.0 116.0

Gap ratio
0 0.142 \ 0.425 0.709 0.92 11.1 3

h'=h/B

Froude number
1.55 1 0.89 0.69 0.61 10.55U/ (gh) 1/2

00

3. Results and Discussion

which corresponds to a Reynolds number (UB/
v) of about 2900. The gap ratio was varied in the
range 0 ~h/B ~ 1.I3, and the exper imental
conditions are shown in Table I.

3.1 Instantaneous velocity fields
Inst antaneous velocity fields of the flow around

the elliptic cylinder were measured by varying the
gap rat io h/B. For the larger gap rat ios tested in
this study (h*= 0.709, 0.92 and 1.13), the overall
flow did not vary markedly, and the flow
phenomena for the smaller gap ratios (h*=0 and
0.142) were also similar to each other. We there
fore concentrate our discussion on the flow
structures for three gap ratios, h*=0.142, 0.425
and 0.709, because these cases show completely
different flow phenomena. The distortion of the
free surface is ignored in the analysis of the
results. To investigate the effect of the free surface
on the near-wake of the elliptic cylinder, we first
describe the flow characteristics of the instantan
eous velocity fields for the three typical gap ratios.

Figures 3 and 4 show instantaneous velocity
fields and streamline contours for three gap ratios
of cylinder submergence, h*=0. 142, 0.425 and O.
709. For the smallest submergence, h*=0.142, the
elliptic cylinder and free surface block the flow
passing through the gap. As shown in Fig. 3 (a) ,
the flow from the bottom of the cylinder has a
higher velocity than that at the top. Th is causes
the formation of a mixing layer behind the
cylinder, and entrains ambient fluid into the
cylinder wake with going downstream. To main
tain mass balance in the near-wake the flow
beneath the free surface moves upstream and
causes a reverse flow to compensate for the mass
loss in the wake region , leading to the format ion
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tracer particles. A thin laser light sheet was
formed by passing the laser pulse through
cylindrical and spherical lenses. The flow field
around the cylinder model was illuminated from
the bottom by the laser light sheet. Because of this
geometry clear particle images could not be
obtained from a part of the flow field above the
cylinder.

In this study, the interrogation window size was
64 X64 pixef and the velocity vectors were
calculated every 32 pixels , i. e. with 50% overlap
between neighbor windows. The particle images
in the two selected interrogation windows were
then correlated, giving three correlation peaks
with the largest peak at the center. Since the field
of view is approximately 5 times the minor axis of
the elliptic cylinder (B), the size of the interroga
tion area is I.09mm X I.09mm. Spatial distri
butions of turbulence statistics, including turbu
lence intensities, were obtained by ensemble av
eraging 350 instantaneous velocity fields. The
turbulent kinetic energy was estimated as follow
using the assumption of isotropic flow structure.

.Lq2=.L (Z(2+v12+w12) ~l(ul2+v"i2)
2 2 4

Therefore, the real turbulent kinetic energy will
be a little different from the present result at the
regions where the isotropic assumption is not
fulfilled.

The free stream was fixed at U = 2I7mm/ s,
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0.142. The increased influx at the gap brings

about a detachment of the flow from the upper
surface of the cylinder and the formation of a

substantial jet flow in this region. This jet flow is

inclined downward and merges with the shear

flow that develops from the bottom of the elliptic

cylinder. The shear flow is enhanced by the sub

stantial jet flow and forms counter-rotating

vortices at both sides of the jet flow. However, the

jet velocity is still lower than the velocity just
below the cylinder. The entrainment of amb ient

fluid into the cylinder wake is intensified by

mixing with the jet flow, causing a reverse flow in
the proximity of the free surface and the

formation of a large counter-clockwise vortex in

the region close to the elliptic cylinder. The angle
of downward deflect ion of the wake is slightly

lower than at h*=0.142.

On further increase of the depth of submergence
to h·=O.709 (Fig. 3(c) ), the flow structure

becomes similar to flow around a fully immersed

blunt body. Vortices are shed alternately from the

upper and lower sides of the cylinder and form a
kind of Ka rman vortex street. However, the dif

ference in flow velocity near the top and bottom

of the cylinder is remarkable. Increasing the gap
ratio enhances the jet flow passing through the

gap , which attaches to the water surface after

detaching from the cylinder surface. At this gap
width the flow is no longer constrained at the

upper surface of the cylinder, and the velocity at

the to of the cylinder is higher than that at the
bottom. This result, which is confirmed by the

mean velocity field, implies that the free surface

still influences the cylinder wake at this level of
submergence. No reverse flow occurs beneath the

free surface and the near-wake does not incline

downward. The flow structures at the higher gap
ratios of h *=0.92 and 1.I3 are very similar to the

structure at h*= 0.709.
The streamline contours (F igs. 4 (a) and (b) )

show that in addi tion to the downward incline of

the near-wake of the cylinder observed for
systems with h*=O.142 and 0.425, the flo w direc

tion of uniform stream beneath the wake region

also deflects downward. This phenomenon is

barely discern able from the instantaneous velocity
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Fig. 3 Instantaneous velocity fields with respect to
the depth of submergence
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of a large-scale swirl in the wake of the elliptic

cylinder. The influence of this reverse flow

deflects the mixing layer downward. Whi le the
restricted gap flow causes a Co anda effect at

upper surface of the cylinder, it is weak and its

velocity is lower than that at the bottom of the
cyl inder. When the cylinder submergence is

increased to h*=0.425 (F ig. 3 (b) ) , the flow

structure changes substantially from that at h *=
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Fig. 4 Streamline contours with respect to the depth
of submergence
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Fig. 5 Variations of mean velocity profiles

vector fields. At h*=0.709, however, the flow
direction of uniform stream remains horizontal.
The streamline contours for the gap ratios ofh*=
0.142 and 0.425 also show the reverse flow be
neath the water surface and the range of the swirl
in the wake region. For a gap ratio of 0.709, Fig.
4(c) shows the vortex shedding from the cylinder
and the disappearance of reverse flow in the near

wake. The position of the vortex is clearly ob
served in all cases.

3.2 Mean flow fields
To study the time-averaged flow structure 350

instantaneous velocity fields were obtained for
each experimental condition. These velocity fields
were ensemble averaged to obtain spatial
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(a) h/B = O.142

(b) h/B=0.425

velocity in the near wake, but is still lower than

the velocity in the mixing layer. The width of the

near-wake expands as the flow goes downstream.

In addition, the wake is inclined slightly down

ward; the deflection angle with respect to the
horizontal is smaller than that for a circular

cylinder under similar experimental conditions.

At h *=0.425, the flow is still constrained to pass

through the gap between the elliptic cylinder and

the free surface. The velocity above the elliptic

cylinder is therefore lower than that below the
cylinder. Compared with the behavior at h *=0.

142, the deflection angle of the wake is slightly

lower, the velocity of reverse flow in the

proximity of the free surface is higher, whereas the
region of reverse flow is smaller. When the gap

ratio is increased to h*=0.709, the wake region

behind the cylinder is nearly horizontal and

roughly symmetric with respect to the major axis
of the elliptic cylinder. No reverse flow is observ

ed in near-wake; however, the velocity of the

upper shear layer is higher than that of the lower

shear layer.
Figure 7 shows vorticity contours for the three

cylinder submergence depths. At a gap ratio of
h*=O.142 (Fig. 7(a)), the entire flow field is

dominated by positive vorticity, especially over

area of the shear layer developed from the bottom
of cylinder. The maximum vorticity is observed

near the lower side of the cylinder. The minimum
vorticity, however, occurs in a small area close to

the upper surface of the cylinder.
At gap ratio ofh*=0.42S(Fig. 7(b)), the sub

stantial jet flow causes the vorticity of the flow on

both sides of the jet to be enhanced. The peak of

negative vorticity is located near the bottom edge
of the jet; its magnitude is similar to the peak of

positive vorticity near the bottom of the elliptic

cylinder. On further increase of the gap ratio to
h*=O.709 (Fig. 7(c)), the vorticity contours at

the top and bottom sides of the cylinder become
nearly symmetric with respect to the major axis of

the elliptic cylinder. However, the magnitude of

the negative vorticity on the upper side is higher
than that of the positive vorticity on the lower

side. This behaviour may result from the stronger

shear flow caused by the influence of the free
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Fig. 6 Contour plots of streamwise mean velocity
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distributions of the mean velocity and mean
vorticity field. Probing the turbulent structure of

the flow interaction was of particular interest in

these experiments.
The mean velocity profiles and contour plots of

the streamwise mean velocity are illustrated in
Figs. 5 and 6 respectively. For h*=0.142 (Fig. 5

(a)), the velocity of Coanda flow formed at the

upper surface of the cylinder is higher than the
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surface on the upper surface of the cylinder.

3.3 Turbulent characteristics

Although the instanta neous velocity vector
fields show the variation in the flow struc ture , a
detailed investigation of the turbulent stru cture
requ ires spatial distr ibutions of turbulent sta tis
tics such as the turbulent intensity, Reynolds
stress and turbulent kinetic energy.

The flow velocity U can be decomposed into its
mean value (u> and a fluctuating value u' , The
Reynolds stress stems from the momentum
transferred by the fluctua ting velocity, and re
presents the momentum exchange between the
mean velocity field and velocity fluctu ations, i. e.
the influence of velocity fluctuations on the mean
flow field. Here, we are concerned with the
influence of the Reynolds stress on the turbulent
structure of the flow field.

F igures 8 (a) , (b), and (c) present the contours
of the Reyno lds stress for the three typical gap
ratios . At a gap ratio of h*=0.142, the Reynolds
stress is greater in the mixing layer do wnstream of
the lower side of the cylinder (X/B= 1.5) and in
the near wake of the cylinder (X/B= 3.5) . Posi
tive Reynolds stress dominates the entire flow
field at this gap ratio. At a gap ratio of h*=0.425
(Fig. 8 (b) ), the maximum absolute value of the
Reynolds stress appears near the location where
the jet-like flow detaches from the upper sur face
of the elliptic cylinder (X/B= 1.0) . The Reynolds
stress at this location has a nega tive value, and the
magnitude of maximum posit ive Reynolds stress
in the near wake is much higher than that case for
h*=0.142. Th is behaviour impl ies tha t the exist
ence of the jet flow between the cylinder and
water surface greatly intensifies the fluctuating in
the near wake. When the gap ratio is increased to
h*=0.709 (Fig. 8 (c) ) , the maximum of the posi
tive and negative Reynolds stress are
symmetrically distributed near the upper and
lower sides of the cylinder. The magn itudes of the
positive and negative Reynolds stress are similar,
but smaller than the maximum values observed at
h*=0.142. The positive and negat ive values
ind icate the direction of the Reynolds stress.
From the spatia l distr ibution of the Reyno lds
stress for each case, it can be seen that higher
values of the Reynold s stress are commonly ob
served near locations with stronger shear flow.
This indica tes tha t the momentum transfer of the
fluctua ting velocity is active at these location s.

The Reynolds stress contributes to the
redistr ibution of the kinetic energy of the mean
flow field, which leads to a decreased pa rt of the
total energy being transferred to the fluctuating

·Z.5

0.0

·u

0.1

·z.o

•\.1

0.1 1.0 1.1 ZOO 1.1 :u 11 u ...
(a) h/B =O.142

0.5

0.0

-4.1

~ · 1.0

· 1.1

-1.0

·Z.5

0.1 1.0 1.1 z.o u :u 11 u - .I
llIB

(b) h/ B=O.425

I.'

0.5

0.0

co -4.1
;:

. t.o

·1.1

.z.o

0.5 1.0 1.1 z.o 1.1 .A 11 U U

(c) h/ B=O.709

Fig. 7 Contour plots of mean vorticity
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Fig. 8 Contour plots of Reynolds shear stress u's)'

flow and transformed to turbulent kinetic energy.

The contours of the turbulent kinetic energy for
each case were compared and the results are

shown in Fig. 9. This figure shows that in the
near-wake of the cylinder, where the Reynolds

stress has higher values, the turbulent kinetic

energy also has higher values. This is attributed to

the fact that the fluctuating flow obtained more
energy with the affect of Reynolds stress, losing

(c) h/ B= O.709

Fig. 9 Contours of turbulence kinetic energy

energy of mean flow field is the source of turbu

lent kinetic energy, _.theprocedure of energy
transform is kept by the work of Reynolds stress.

The turbulent kinetic energy in the flow field at a
gap ratio of h" =0.425 is much higher than that of

other two cases. The magnitude of turbulent

kinetic energy is low at locations out of the near

weak for each case.
The spatial distributions of the streamwise tur-
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(c) h/ B=O.709

(b) h/B = O.425

Acknowledgements

This work was supported by the NRL
(National Research Laboratory) program of the
Ministry of Science and Technology, Korea.

4. Conclusion

The effect of a free surface on the near-wake
behind an elliptic cylinder was investigated
experimentally by varying the gap ratio (h *= h/
B) between the cylinder and the water surface. An
elliptic cylinder of axis ratio AR=2 was used in
these experiments. For comparison, the gap ratio
was adjusted to approach the flow condition of a
circular cylinder beneath the water surface .

At small gap ratios, the on-coming flow is
constrained to pass through the gap between the
cylinder and free surface. In the near wake behind
the elliptic cylinder a large-scale reverse flow
forms beneath the free surface, leading to a
downward deflection of the wake. On increasing
the gap ratio, the deflection angle decreases
slightly. In addition, the Coanda effect forms
above the cylinder and enhances the adjacent
flow, causing a substantial jet flow. This jet flow
brings about active turbulent mixing, increasing
the turbulent intensity in the near wake. The
deflection angle of the near-wake is smaller than
that found in previous experiments using a circu
lar cylinder(Sheridan et al., 1996).

On further increase of the gap ratio, the Coanda
wake tends to detach from the upper surface of the
elliptic cylinder and attach to the free surface. The
flow structure is nearly unchanged above a gap
ratio of h" =0.709. Regular vortices are shed from
both sides of the cylinder and are nearly symmet
ric with respect to the major axis of the elliptic
cylinder. However, the presence of the free layer
causes the upper shear layer of the wake to have
a slightly higher velocity than the lower shear
layer .

The turbulent statistics show larger values for
the gap ratio of h*=0.425 than for the other cases,
while the statistics for h*=0.142 and h*=0.709
are at a similar level.
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Fig. 10 Contours of streamwise turbulence intensity

bulence intensity, shown in Fig. 10, show that the
turbulence intensity has a large value at the gap
ratio of h*=0.425. The large intensity at this gap
ratio results from the high-speed jet flow above
the cylinder, which makes the near-wake more
active in turbulent mixing. For the larger gap
ratio of h*=0.709, the position of the turbulence
intensity distribution is nearly symmetric in the
near wake region.
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