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This paper reports about an experimental investigation of the wake behind a solid
sphere on a low velocity hydrodynamical channel for the Reynolds number in the
range 250–310. The aim of the work is to analyze the size and shape of the vortices’
cores and its change as a function of the Reynolds number. Special attention is paid to
the transition from stationary ﬂow, characterized by two counter-rotating longitudinal
vortices, to instationary ﬂow. The two-coloured visualization of the wake in steady
and unsteady regimes is also presented.

1. Introduction
The sphere poses an example of the simplest axisymmetric body. A large
number of experimental and numerical studies of the wake behind the sphere
has been performed. The wake is characterized by three diﬀerent ﬂow regimes.
Previous visualizations carried out by Taneda [1], Magarvey and Bishop [2]
revealed that the separation from the rear of the sphere occurs at the Reynolds
number (Re = U d/ν) about 20. Up to Re = 212 the wake has an axisymmetric stationary ring structure and a recirculation region grows as Re increases.
With the Re  212 the wake splits, with the axisymmetry breaking, into two
parallel counter-rotating vortices. The ﬂow axisymmetry is replaced by a plane
symmetry. This double-thread wake was observed to remain steady. The second
transition occurs with Re  265 and the wake becomes eventually unsteady,
with peculiar periodic loops shedding as so-called hairpin vortices, preserving
the plane symmetry. It is notable that a majority of experimental visualizations (e.g. Achenbach [3], Ormières [4]) show that hairpin vortices are all
shed with the same orientation. For Reynolds number higher than 350 the shed*)
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ding changes its character and two small hairpins following one big hairpin are
observed. For Re > 500 the ﬂow becomes turbulent. These observations are
in accordance with numerical simulations such as Tomboulides et al. [5] and
Johnson & Patel [6].
Recent literature is mainly focused on second transition from steady to unsteady wake, particularly to the mechanism of hairpin vortex forming and shedding. Despite all the eﬀorts, this phenomenon is still not fully described and many
diﬀerent theories around the hairpins shedding have been published. The numerical and experimental investigations, concerning hairpin shedding and forming, are
in contradiction with each other. Particularly the double-hairpin theory, observed
in the numerical results, has never been conﬁrmed in the experiments. With reference to the still open problem of the transition to non-stationarity regime and
to hairpins forming, the new experimental investigations were performed. The
aim of the present study is to understand this phenomenon better, by obtaining
experimentally the size and shape of the vortices’ cores and its interactions as
a function of the Reynolds number, in the state around the second bifurcation,
what has never been experimentally determined ([7, 8]). In addition, two-coloured
visualization of the second and third regime has been presented.
2. Experimental details
All measurements of the wake behind the sphere (diameter d = 16 mm) were
carried out in a horizontal water channel with a square section (100 × 100 mm2 )
and length equal to 860 mm, which is longer than 50 sphere diameters. The
sphere was ﬁxed on a rigid upstream bent pipe. The pipe was inclined with free
stream of an angle of 3◦ (Fig. 1) The support’s inﬂuence on perturbations on
the ﬂow is negligible, but determines the orientation of the symmetry plane.
Typical velocities U were 4–40 mm/s and were deduced from ﬂow mass rate
measurement. The velocity was controlled by means of throttling valves. Water
temperature was measured during the experiment by a high-precision mercury
thermometer with an uncertainty of ±0.1◦ .
This set-up allows to precise the increment in the Reynolds number value
by 1 ± 0.5. The wake visualization was performed by means of argon laser

Fig. 1. Scheme of the holding of the sphere, including dye injection principle.
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(50 mW) using Laser Induced Fluorescence (LIF) and diluted ink dye. In the
ﬁrst case, ﬂuorescence dye was fed through the support pipe and horizontal slit
in the sphere into recirculation zone. In the second case – dye in two diﬀerent colours was injected into the upstream ﬂow through two thin tubes. For
both instances no diﬀerence in the recirculation bubble was found, what indicates that dye injection has no inﬂuence on the return ﬂow. All the experimental measurements were done with the Particle Image Velocimetry (PIV)
optical method using titanium dioxide (TiO2 ) particles. PIV image acquisition and post-processing were conducted using LaVision DaVis software which
synchronized ImagePro 1600 × 1200 12-bit CCD camera (with Nikon f35 mm,
f50 mm and f105 mm lenses recording double-frame pairs of images at maximum 15 Hz) with two rod Nd:YAG pulsed laser (15 mJ). Image pairs were
taken with the frequency of 10 Hz and the time spacing between images in
pair was set to 33340 µs. For each Reynolds number 300 image pairs were used
for statistics. Vector calculations were computed using cross-correlation method
and multi-pass iteration (window decreasing size: 128 × 128 to 16 × 16 with
25% overlap and 2 passes). PIV images were taken in the plane perpendicular to the ﬂow stream. The measurements were limited to two planes: 2.5 and
5 diameters, downstream from the center of the sphere. The length of the recirculation zone in the considered Reynolds number range reaches about 1.5
diameters.
3. Results
Experimental investigations were performed at the Reynolds numbers between 250 and 310, which covers the transition to periodic state. As recalled in
the Introduction, before second bifurcation a steady pair of opposite-sign streamwise vortices is observed in the wake. The visualization (Fig. 2a) of the stationary
non-axisymmetric wake shows the analogy with this statement. Increasing the
Reynolds number over the value of 275 results in revealing the connected dye
a)

b)

Fig. 2. Two steady counter rotating vortices – top (a) and back (b) view for Re 250.
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Fig. 3. Visualization of the periodic vortex shedding for Re = 300 (side view).

loops with respect to the planar symmetry, as shown in the Fig. 3, what also
corresponds to previous numerical and experimental results.
The ﬂow visualization can give the impression that the vortex has circular
shape and is relatively small compared to the sphere diameter (Fig. 2b). The
PIV results do not conﬁrm these observations. As it can be seen in the Fig. 4a,
the vortex has an elliptical shape with a longer diameter oriented vertically,
what is in a good accordance with the physics of vortex. Streamwise vorticity
contours, which are shown in the Fig. 4b, reveal a very interesting fact – the
maximum vorticity does not lie in the geometrical center of the vortex, but is
directed towards the plane of the symmetry. This observation proves the existence of very strong interactions between vortices. The shift of the vorticity
centers was also observed in the numerical investigation performed by Thompson et al. [9]. To measure the size of the vortex in a function of the Reynolds
number, the vorticity ﬁelds generated through LaVision DaVis software from
PIV images taken in a plane perpendicular to the streamwise ﬂow were used.
Due to the noise existence, the vorticity peaks were observed in the ﬂow regions
where they were not expected. These noise of the vorticity were analyzed and
tabled, for diﬀerent Reynolds numbers. The highest value of the vorticity observed in the region, where vortex-free ﬂow was expected, was assumed to pose
the noise limit and its value is equal to 0.5 1/s. It is supposed that the vortex
a)

b)

Fig. 4. a) Streamwise vorticity ﬁeld in 2.5 diameters downstream from the center of the
sphere for Re = 260, b) Streamwise vorticity contours in 2.5 diameters downstream from the
center of the sphere for Re = 260.
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exists in the area where the vorticity is higher than the noise level. The vorticity
on the horizontal line crossing the maximum of vorticity were plotted (Fig. 5).
On the basis of the plot it was possible to obtain horizontal diameter az , which
is the width of the range of the vorticity higher than the noise limit. Vertical
diameter ay was measured analogically. For the Reynolds numbers higher than
critical, when unsteady wake occurs and the ﬂow is fully three-dimensional,
vorticity ﬁelds are time-dependent, because the angle between vortices and the
laser sheet changes in time. In this case the whole vorticity ﬁelds in a period
were analyzed. The highest vorticity was observed in the image, which corresponds to the perpendicularity between vortices and the laser sheet. This image
with the highest vorticity was the base for obtaining its horizontal and vertical
diameters.

Fig. 5. Streamwise vorticity plotted on the horizontal line crossing the maximum vorticity.

In Fig. 6 the horizontal and vertical vortex dimensions relatively to the sphere
diameter are presented. In the position corresponding to 2.5 diameters downstream from the sphere center, which is very near to the recirculation area, the
core seems to preserve its size. In the distance equal to 5 diameters downstream
from the center of the sphere, the dimensions decrease slowly and, approaching
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Fig. 6. Core dimensions in 2 diﬀerent positions: 2.5 and 5 diameters downstream from the
center of the sphere.

the critical Reynolds number, rapid, linear growth of vortices’ dimensions can
be noticed. As shown in the Fig. 7, vortices’ cores are much greater than it can
be seen on the visualization patterns.

Fig. 7. The proportion of vortices’ cores dimensions to sphere diameter for Re = 260.

The ratio of vertical to horizontal dimension was also calculated. According
to the Fig. 8 it can be postulated that both dimensions ascend proportionally
with the Reynolds number, even during the steady-unsteady bifurcation.
By means of classical visualization with two diﬀerent colours it was found
that ﬂuid in the recirculation zone and in the far wake, does not cross the planar
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Fig. 8. The ratio of horizontal to vertical vortex core dimension as a function of the
Reynolds number.

Fig. 9. Visualization with two diﬀerent colours of steady and unsteady wake. Dye is fed to
the ﬂow 10 diameters upstream from the center of the sphere.

symmetry (Fig. 9). The existence of only one pathline, which joins the two
regions of the recirculation zone determined by the symmetry plane, has been
found. This was observed for the second and third regime. The visualization
shows also that small oscillations of the vortices in a wake can be seen prior to
the second threshold (Fig. 10). It has been noticed that these oscillations grow
with the Reynolds number. This phenomenon is described in details by Miedzik
et al. [10].

Fig. 10. Visualization of the wake for the Reynolds number prior to the second transition.
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4. Conclusions
This paper has examined sizes and shapes of the vortices’ cores around the
second transition of non-stationary ﬂow regime. It was found that vortices are
elliptical and relatively great compared to the sphere diameter. The vortices grow
proportionally with the Reynolds number and this dependence is not disturbed
by second bifurcation. It was also stated that the vortex streamwise vorticity is
strongly asymmetrical and the maximum vorticity value is directed towards the
planar symmetry.
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