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ABSTRACT
The near-wake of an axisymmetric body has been investigated using base pressure tappings and large scale Tomographic Particle
Image Velocimetry (TPIV) at a Reynolds number of ReD = 3.2 × 105, based upon model diameter. Insights into the near-wake
dynamics are provided by the application of Proper Orthogonal Decomposition (POD) to the pressure and the TPIV datasets.
The first two POD modes show that the axisymmetric topology seen in the time averaged field is the result of the combination
of different reflectional symmetry preserving states, each one featuring a hairpin vortex surrounded by an annular structure
developing in proximity to the wake closure. The “head” and the “tails” of each hairpin vortex appear to be dynamically linked, as
also proven by the existence of a second pair of modes, visible only in the TPIV dataset, featuring a twisted two-lobe structure.
The analysis of the temporal evolution of the radial position of the centre of pressure over the model base reveals the existence
of two different low-drag scenarios, characterised by the restoration of the axial symmetry or the selection of a single plane of
reflectional symmetry. The first state is reported to become the only admissible low-drag configuration when the short-time
wake dynamics are removed from the unsteady pressure signal.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5078379

I. INTRODUCTION

Flow around bluff bodies is of interest in many appli-
cations and, in particular, in the transport industry where
the flow field is often characterised by large areas of sepa-
rated flow. Such regions are usually the dominant contribution
to the vehicle resistance, and thereby the fuel consumption,
and can also be a significant source of noise for the vehicle
occupants.

In the laminar regime, the flow past a body of revolution
with a blunt base is dominated by a global instability with an
azimuthal wave number m = ±1. The wake behind such geome-
tries shows different flow patterns depending on the Reynolds
number (ReD) and the length-to-diameter ratio (L/D).6 For
example, Bury and Jardin7 showed that for a body with L/D
= 7, a uniform toroidal structure exists at the base of the
body for Reynolds numbers around 100. As the Reynolds num-
ber increases, the torus expands in the radial direction and
stretches downstream, as a result of the concomitant action of

shear and suction forces. For Reynolds numbers around 450,
the torus tends to move away from the body axis of symme-
try. The shear stresses acting at the periphery of the torus
are no longer uniform, and the torus loses its axi-symmetry,
preserving only a single plane of symmetry aligned with the
streamwise direction. This reflectional symmetry steady state
is characterised by a “double-threaded” wake topology, con-
sisting of two primary vorticity lobes located on each side
of the reflectional symmetry plane. As the Reynolds number
is further increased, the two lobes stretch in the stream-
wise direction and move away from the body’s axis of revolu-
tion. Eventually, the structure can no longer sustain the shear
stress and is partially torn (at ReD ≈ 590). In these conditions,
unsteady hairpin vortices are shed in the wake at a Strouhal
number (StD = f · D/V∞, with f denoting the frequency and
V∞ denoting the value of the free stream velocity) of approxi-
mately 0.12. The reflectional symmetry, however, is preserved
and is consequently generally described as a reflectional sym-
metry preserving (RSP) state. At Reynolds numbers above 690,
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a second peak at a Strouhal number of ≈0.02 occurs. This
peak has been shown to be associated with vorticity bursts
that yield a waving motion of the hairpin structures along the
reflectional symmetry plane. The reflectional symmetry pre-
serving state persists up to Reynolds numbers of about 900,
when the wake shifts toward a chaotic regime. The reflec-
tional symmetry plane still exists but now only for short time
intervals, and it is randomly reoriented on a very long time
scale.

Similar regimes have been observed for the wakes devel-
oping downstream of other axisymmetric bodies such as
spheres and circular flat disks,24 although with some differ-
ences. Fabre et al.13 reported the existence of two additional
vortex shedding modes for the wake behind a flat disk. The
first, dubbed reflectional symmetry breaking (RSB) mode, is
characterised by the twisting of the main vortical structures
around the body’s axis of revolution. It originates from the
steady symmetric state following a Hopf bifurcation at ReD
= 123, and it was shown to be unstable using linear stabil-
ity analysis. A second mode was found at ReD ≈ 140, and it
was described as a standing wave mode. Similar modes are
reported by Auguste et al.3 for the wake behind a disk with
L/D = 1/3.

The effects of the bifurcating oscillatory modes seen in
the laminar regime persist at high Reynolds numbers, result-
ing in the shedding of large coherent structures. In the case of
a disk, the near-wake dynamics are dominated by the action
of antisymmetric modes with m = ±1 and a constant shed-
ding frequency.14 In addition, for Reynolds numbers above
1000, hairpin vortices are shed from the disk, but the angle
of the shedding changes irregularly from cycle to cycle.30
For the same geometry, a second mode with a wave number
m = 0 was observed by Berger et al.5 Known as the “pumping
mode,” this results from the alternate expansion and shrinkage
of the recirculating zone, with a characteristic frequency of
StD = 0.05.

Rigas et al.,36 applying proper orthogonal decomposition
(POD) to a set of pressure data recorded over the base of an
axisymmetric bluff body (L/D = 6.48, ReD ≈ 2 × 105), found
that the most energetic structures in the wake are manifested
as an unsteady vortex shedding with m = ±1 and StD ≈ 0.2,
reminiscent of the symmetry-breaking laminar instabilities.
The shedding is asymmetric and rotates randomly around the
body’s axis of revolution at a frequency of StD ≈ 0.002. The
reflectional symmetry, however, is still preserved if a rotat-
ing reference frame is considered. Two distinct time scales
for the evolution of the flow can therefore be defined, simi-
lar to those proposed by Grandemange et al.18 when studying
a rectilinear three dimensional body: a short time scale at t
≈ 5D/V∞, associated with the vortex shedding, and a long
time scale at t ≈ 5 × 102D/V∞, referring to the rotation of the
reflectional symmetry plane of the shedding mode. In con-
trast to the wake generated by a rectilinear body, however,
for an axisymmetric body, the wake does not switch between
two symmetry-breaking states but moves between an infinite
number of states depending on the azimuthal angle of the
shedding.

The findings of Rigas et al.36 were confirmed by Gen-
tile et al.,15 using time-resolved particle image velocimetry
(PIV) data. In this case, an axisymmetric body with L/D = 5
was tested at ReD = 6.7 × 104 performing stereoscopic PIV
at different azimuthal planes downstream of the model base.
The application of snapshot POD to the fluctuating part of
the velocity field showed the existence of the same anti-
symmetric mode with m = ±1 described in Ref. 36. This mode
was found to be responsible for the long time instability of the
reverse flow in the region close to separation, whereas fur-
ther downstream it was linked to the fluctuations related to
the development of the shear layer. A second mode pair with
m = ±2, representing the “wake ovalisation,” was also identified
together with an axisymmetric mode with m = 0 (visible only
close to the model’s base) describing the streamwise pulsation
of the reverse flow region.

Although there seems to be agreement among researchers
on the fact that the suppression of the very low frequency
dynamics may be exploited to reduce drag, it is still not clear
whether the suppression of this mode should aim at stabilising
an axisymmetric state or a reflectional symmetry preserving
state. For instance, Oxlade,31 controlling the dynamics of the
wakes behind an axisymmetric body using synthetic jets actu-
ated at different frequencies, reported that the configurations
featuring the lowest drag were characterised by stable asym-
metric wakes. An opposite trend was reported by Grande-
mange et al.20 and de la Cruz et al.,9 where the lowest drag
configurations were accompanied by the restoration of the
axial symmetry.

It is evident that a lot of progress has been made in
the understanding of the dynamic behavior of axisymmetric
wakes, but there are unanswered questions. In particular, the
effects produced by the very low frequency dynamics on the
three-dimensional structure of the near-wake as a whole are
still not clear (at least at higher Reynolds number). Neither
are the factors leading to the selection of either an axisym-
metric topology or a reflectional symmetry preserving state
as low-drag conditions. The present manuscript seeks to pro-
vide an answer to these questions. The near-wake region of an
axisymmetric body with L/D = 5 has been investigated, using
base pressure tappings and, for the first time, Tomographic
Particle Image Velocimetry (TPIV). Pressure tappings over the
entire model base are employed to validate the experimen-
tal setup against the existing literature36 and characterise the
frequency content of the main unsteady flow features, isolated
by applying Proper Orthogonal Decomposition (POD) to the
base pressure dataset. The most coherent three dimensional
unsteady structures are then isolated in the near-wake region
by means of snapshot POD applied to the TPIV data. The rela-
tionship between the base drag and the wake dynamics is also
investigated.

II. EXPERIMENTAL METHODOLOGY
A. Experimental setup

Testing was performed in the Loughborough University
Large Wind Tunnel. This test facility features a closed test
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section and an open circuit with a horseshoe shaped layout.
The tunnel has a test section of 1.92 × 1.32 × 3.6 m (WT × HT
× LT) and a contraction ratio of 7.3:1. Turbulence intensity is
kept low by a honeycomb, used to straighten the flow, and
a pair of turbulence reduction screens, located upstream of
the contraction. Wind is generated through a 2.65 m diame-
ter, variable-speed, fixed pitch fan, located downstream of the
working section. More information can be found in the work
of Johl et al.23 The operating velocity in the test section was
30 m/s throughout, with a free stream turbulence intensity
of 0.2% and a flow uniformity of ±0.4% (in empty conditions).
Optical access in the test section was provided through glass
sidewalls and roof panels.

The model employed is a cylinder with an elliptical nose
cone and a truncated flat base, as shown in Fig. 1(a). The
diameter of the cylinder D is 160 mm, and the overall length
L is 800 mm, resulting in a length-to-diameter ratio L/D
of 5. The Reynolds number based on model diameter is ReD
= 3.2 × 105. A carborundum roughness strip, with a width of
10 mm, was placed on the junction between the nose sec-
tion and the main body to force boundary layer transition.
The axisymmetric body was supported by a steel shaft, with
a diameter of 20 mm, enclosed in a NACA 0021 aerofoil, with a
chord c = 135 mm (or 0.84D). The shaft was centred with the
point of maximum thickness of the airfoil (at 0.3 c).

In order to minimise the effects of the supporting sys-
tem on the wake dynamics,20 the wing was moved as far
upstream of the base as possible, close to the forward joint,
with the leading edge of the wing itself located 370 mm (or
2.31D) downstream of the tip of the model nose. The shaft
was attached to a turntable equipped with an automated yaw
mechanism capable of ψ = 360◦ rotation with ±0.1◦ accuracy,
while the pitch angle α was manually adjusted with an accu-
racy of ±0.25◦. This was performed considering a right-handed
reference system located at the intersection between the sup-
porting shaft and the turntable, 400 mm (or 2.5D) below the
model axis [X

∗

, Y
∗

, Z
∗

in Fig. 1(b)].
A coordinate system with origin in the centre of the model

base is used for the presentation of the results; the x
∗

axis is
aligned with the flow in the streamwise direction, the z

∗

axis
is vertical, positive upwards, and the y

∗

axis follows a right
handed coordinate system [Fig. 1(b)]. All quantities presented

throughout the paper have been normalised using the base
diameter D as the reference length and the value of the free
stream velocity V∞; they are denoted with the superscript ∗.
For the sake of clarity, the symbol “−” is used to indicate all the
time averaged quantities, “∼” denotes the conditionally aver-
aged quantities, whilst the subscript “LOM” is used to denote
quantities extracted from low order models.

B. Base pressure measurements
The base of the model was populated with 49 pressure

taps [see Fig. 2(a)]. One tap was located in the middle of the
base, whilst the remaining 48 taps were distributed around
three concentric circles, centred with the base and located,
respectively, at R

∗

= 0.143, R
∗

= 0.286, and R
∗

= 0.429, with
R
∗

denoting the non-dimensional distance from the origin of
the reference system centred with the model base [x

∗

, y
∗

, z
∗

in Fig. 1(b)]. The taps were spaced following the procedure
described in Ref. 4; the surface of the model base was divided
into 49 equal-area cells, and a tap was located at the centre
of each cell. Since the low frequency dynamics of the wake
generated by an axisymmetric body have been proven to be
very sensitive to angular offsets of as little as 0.2◦,16 the model
was adjusted around ψ = 0◦ and α = 0◦ until an axisymmetric
time averaged base pressure distribution was obtained. Pres-
sure measurements were performed using a 64 channel minia-
ture pressure scanner with a manufacturer quoted accuracy of
±1.47 Pa, placed inside the model. Data were recorded at a fre-
quency ( fs) of 300 Hz in two successive 300 s acquisitions to
give a total sampling time of ts = 600 s, corresponding to 1,
125 × 105 convective units t

∗

, with t
∗

= t · V∞/D. The free-
stream dynamic and static pressures were acquired at the
start of the test section, 2430 mm upstream of the centre of
the turntable. The pressure coefficients have been calculated
using Eq. (1),

CP(t) =
p(t) − p∞
0.5ρSV2

∞

, (1)

where p∞ is the free stream static pressure, ρ refers to the air
density, and S is the base area (S = 0.020 m2). The base drag
has then been estimated by integrating the pressure field,

CDBase (t) = −
1
S

∫ ∫
S

Cp(t)dS ≈ −
1
S

Ntap∑
i=1

Cpi (t)Si, (2)

FIG. 1. (a) Representation of the axisym-
metric body used in the present work. (b)
Model mounting structure and reference
systems. X

∗

, Y
∗

, Z
∗

refer to the body’s
global reference system, whereas x

∗

, y
∗

,
z
∗

denote the reference system centred
with the model base, used for the pre-
sentation of the results. The coordinates
have been normalised using the base
diameter D as the reference length.
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FIG. 2. (a) Representation of the distribution of the pres-
sure taps on the model base. The dashed circles denote
three concentric rings of taps located, respectively, at
R
∗

= 0.143 (red circle), R
∗

= 0.286 (green circle), and
R
∗

= 0.429 (blue circle), from the centre of the base. (b)
Polar reference system used to present some of the results.
(c) Field of view considered in the TPIV acquisitions. (d)
Schematic representation of the TPIV setup.

where Cpi (t) is the value of the pressure coefficient recorded
by the ith tap and Si is the area associated with the same tap
(with Si = S/Ntaps).

Following the approach proposed by Rigas et al.,36 further
insights into the wake symmetry and its temporal evolution
have been gathered by considering the location of the centre
of pressure, defined as

CoP(t) =

∫ ∫
S

Cp(t)xdS∫ ∫
S

Cp(t)dS
, (3)

with x = ( y
∗

, z
∗

) in the Cartesian coordinate system of the base.
The results have then been projected on a polar coordinate
system [Fig. 2(b)].

Proper Orthogonal Decomposition (POD) has been used,
with the aim of isolating the main features of the unsteady
pressure field. Following the method proposed by Lumley,26
a generic dataset F(x, t) is decomposed as

F(x, t) = F0(x) + f′(x, t) = F0(x) +
Nt∑
n=1

Φn(x)an(t), (4)

where Nt indicates the number of measurement points in time,
F0 indicates the mean of the considered field, and f′(x, t) indi-
cates its fluctuating components. an(t) refers to the temporal
coefficients defined in Eq. (9). The basis functionsΦn(x) are the
so-called “POD modes.” They are defined as the eigenfunctions
of the covariance matrix R,

R = X · XT, (5)

where X is a matrix with

X = [f(x, t1), f(x, t2), . . . , f(x, tn)] ∈ RNs×Nt (6)

and Ns refers to the number of points sampled in space. The
basis functions Φn(x) can therefore be determined by solving
the eigenvalue problem,

RΦn = λnΦn, Φn ∈ RNs , (7)

with λ1 ≥ · · · ≥ λn. The eigenvalues λn associated with the POD
modes are representative of the energy content E of the fluc-
tuations captured by each mode. A low order model can then
be written as

F(x, t) ≈ F0(x) +
M∑

n=1

Φn(x)an(t), (8)

with M < Nt and the temporal coefficients an(t) determined
projecting each spatial mode Φn on the original dataset f(x, t),

an(t) = 〈(Φn(x))T, f(x, t)〉. (9)

Since the frequency resolution of the pressure measurements
was high enough to resolve most of the characteristic tempo-
ral scales of the flow field, the Power Spectral Density (PSD)
of the POD temporal coefficients has been determined. The
Welch periodogram described in Ref. 43 has been used in this
case, considering intervals of 10.0 s, with a 50% overlap. The
PSD has been calculated separately for each interval applying
a Hann window.21 The same methodology has also been used
to calculate the spectrum of the pressure signal as recorded
by using the taps.
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In some cases, the coherence between signals recorded
by using taps placed in different locations of the model base
has also been considered, following the approach proposed by
Duell and George.10 The magnitude of the coherence between
two generic synchronised signals i and j has been calculated
according to the equation

Λij( f) =
|Pij( f) |2

Pii( f) · Pjj( f)
, (10)

where Pij( f) is the cross-spectrum and Pii( f) and Pjj( f) are the
auto-spectra of the signals. The phase relationship between
the two signals has then been determined as

χij( f) =
�������
tan−1 *.

,

Im
(
Pij( f)

)
Re

(
Pij( f)

) +/
-

�������
, (11)

where Im
(
Pij( f)

)
and Re

(
Pij( f)

)
denote the imaginary part and

the real part of the cross-spectrum, respectively. For the
sake of simplicity, the absolute value of the phase angle is
considered.

C. Tomographic PIV
Tomographic particle image velocimetry37 was used in

order to characterise the three dimensional topology of the
recirculating region behind the axisymmetric body. A volu-
metric field of view measuring 280 × 200 × 200 mm (LTPIV
× WTPIV × HTPIV) was used to capture the near-wake region,
whose size had been determined previously using planar PIV
data [Fig. 2(c)].

Four LaVision® dual frame cameras were used during
the acquisition, consisting of two LaVision® Imager Pro X 4M
cameras (with a resolution of 2048 × 2048 pixels and a pixel
size of 7.4 µm2) and two LaVision® sCMOS cameras (with a
resolution of 2560 × 2160 pixels and a pixel size of 6.5 µm2).
The cameras were mounted in a horizontal arrangement, on
a frame placed outside the tunnel test section. The aperture
angle of the system was greater than 60◦.37 Each camera was
equipped with a Nikon® lens, with a focal length of 50 mm,
mounted on a tilt system in order to satisfy the Scheimpflug
criterion.35 An aperture of f# = 8 was used on all of the cam-
eras to maintain the focus throughout the volume consid-
ered. This resulted in a depth of field between ≈210 mm and
≈310 mm, depending on the camera. Calibration was carried
out using a 3D calibration plate. The 3D mapping functions
obtained were then corrected by applying the volume self-
calibration procedure,45 resulting in a final RMS error of less
than 0.03 pixels.

Helium filled soap bubbles, with a diameter of 300 µm,
were used to seed the flow.8 The bubbles were released from
30 nozzles producing 40 000 bubbles per second each. The
nozzles were hosted inside 3 wing shaped seeding rakes, hor-
izontally mounted on a purpose built frame located at the
start of the contraction, in order to minimise the aerodynamic
interference with the model mounted downstream in the test
section [Fig. 2(d)]. This allowed a stream-tube with a square
cross section of ≈220 × 220 mm (in the test section) to be

seeded. With the seeding system in place, a limited increase
in the free stream turbulence intensity was measured in prox-
imity to the model axis (at X

∗

= 0, Y
∗

= 0, Z
∗

= 2.5D and no
model in place), from ≈0.2% to ≈0.4%. Approximately 200 000
bubbles were captured in each 2D image, giving a particle den-
sity of about 0.04 ppp (the particle size was ≈6 pixels, with an
intensity profile featuring a Gaussian shape). Combined with
the number of cameras (4) used in the present experiment, this
results in a quality factor Q ≈ 0.95.37

The particles were illuminated using a 200 mJ Nd:YAG
laser. The laser was expanded through a volume optic with
a focal length of f# = −12. The resulting cone of light was
then collimated using a Fresnel lens to suppress the tails of
the Gaussian beam profile, keeping the edges of the mea-
surement volume well defined. The approximate diameter of
the resulting column of light was ≈400 mm [Fig. 2(d)]. Two
consecutive acquisitions were performed, each consisting of
250 statistically independent image pairs, captured at a sam-
pling frequency of fTPIV = 7.26 Hz, with an inter-frame time of
80 µs. This resulted in a total sampling time of 68.9 s corre-
sponding to 1.291 × 104 convective units t

∗

. Since the image
noise has been proven to be a critical factor in determining
the quality of the 3D particle reconstruction,11 the raw images
were pre-processed by performing a background intensity
subtraction, based on the average intensity of each dataset.
The particles were then further isolated from the background
by subtracting a constant intensity of 65 counts to eliminate
dimmer objects.27 The “FastMART” algorithm implemented in
the LaVision® DaVis 8.4 software was used to reconstruct
the position of the particles in the three dimensional space.
This algorithm is a computationally more efficient implemen-
tation of the simultaneous MART algorithm described in Ref. 2.
The quality of the reconstruction was assessed by evaluating
the signal-to-noise ratio (Fig. 3), which in the present exper-
iment was found to be greater than 2.27 The processing to
produce the vector field was performed using a direct cor-
relation multi-pass technique, starting with an interrogation
window measuring 160 × 160 × 160 voxels and decreasing in
size to 128, 104, and then finally 96 voxels (with approximately

FIG. 3. Light intensity profile measured across the reconstructed volume. The
values are the result of the average of 10 snapshots.
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FIG. 4. Time averaged results: (a) base pressure distribution; (b) near-wake topology; (c) near-wake topology as seen from a point of view located downstream of the wake
closure. The recirculating flow is visualised by means of stream ribbons coloured with the non-dimensional values of the axial component of the velocity u∗. For the sake
of clarity, only the ribbons with u∗ < 0.5 have been considered. The continuous line in (a) denotes the location of the model trailing edge. [(d) and (e)] Iso-surfaces of
λ∗2 = −0.25 coloured with u

∗

; the 2D streamlines refer to the mid-vertical plane (d) and the mid-horizontal plane (e)

4 particles captured in each interrogation volume). A single
pass was performed on the first two steps, and volume binning
was applied to reduce processing time. Two passes were used
for the final two steps with no volume binning, while over-
lap was kept constant at 75%. The velocity data obtained were
then post-processed using a universal outlier detection tech-
nique to remove spurious vectors44 as well as a smoothing
function with a 3 × 3 × 3 spatial kernel. The resulting vector
field is characterised by a resolution of 3.5 mm3 and a total
vector count of 255 000. The level of uncertainty associated
with each dataset has been estimated considering a 95% con-
fidence level, as in the work of Perry et al.34 A value of ≈0.3%
has been obtained for the free-stream velocity. The level of
uncertainty, however, is seen to increase up to more than 5%
in the shear layers, in agreement with that found by Sellappan
et al.38 A similar error is also observed at the corners of the

volumetric field of view, as a consequence of the worsening
of the signal-to-noise ratio (Fig. 3). As such, the latter regions
have not been considered for the unsteady analysis, in order
to avoid any bias in the results.

As for the base pressure, the main unsteady features of
the velocity field have been captured by applying POD to
the resulting vector fields. The snapshot method developed
by Sirovich40 has been applied in this case due to its higher
computational efficiency when the temporal domain is much
smaller than the spatial domain (Nt � Ns). This method relies
on solving an eigenvalue problem of smaller size,

XTXAn = λnAn, An ∈ RNt , (12)

with X defined as in Eq. (6). The POD modes Φn are then given
by
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Φn =
1
√
λn

XAn ∈ RNs , n = 1, 2, . . . , Nt, (13)

whilst the temporal coefficients an(t) can still be determined
using Eq. (9). Examples of applications of POD to the investi-
gation of turbulent flows can be found in the work of Alfonsi1
and Semeraro et al.39

III. RESULTS AND DISCUSSION
A. Time averaged results

The time averaged flow field, presented in Fig. 4, shows
that the model has an almost axisymmetric wake, as it was
tested at ψ ≈ 0◦, α ≈ 0◦. The contour plot of base pressure,
averaged over 600 s, shows a region of constant low pres-
sure centred with the base and pressure recovery occurring
close to the outer edge of the body [Fig. 4(a)]. The pressure
field is uniform in the azimuthal direction with a positive pres-
sure gradient in the radial direction (from the centre toward
the outer edge of the base). This is in good agreement with
that reported by Rigas et al.36 for a similarly shaped body. The
slightly higher eccentricity seen in the time averaged pressure
distribution in this case may be a consequence of the much
shorter sampling time considered in the present investigation
(ts = 600 s compared to ts = 1.92 × 104 s in Ref. 36) as well as
the presence of some small residual asymmetries in the exper-
imental setup. A time averaged base drag value of CDBase = 0.189
has been calculated in these conditions.

Similar descriptions can be applied to the time averaged
topology of the recirculating region [Figs. 4(b) and 4(c)]. A good

level of symmetry can be seen in the near-wake region, in good
agreement with the results of the findings of Gentile et al.15
Indeed, the application of the λ2 criterion22 to the same field
reveals the existence of a well defined torus located between
the base and the wake closure, as can be seen in Figs. 4(d)
and 4(e).

B. Unsteady results
The similarities with the results reported in the studies

of Rigas et al.36 and Gentile et al.15 extend, with some minor
differences, to the unsteady flow field (Fig. 5). The root mean
square of the pressure fluctuation (RMS(C′p)) recorded on the
base [Fig. 5(a)] is seen to reach its highest values close to the
centre and then decreases noticeably when moving toward
the trailing edge of the model. A similar trend was reported
by Rigas et al.,36 although in that case the maximum values
of RMS(C′p) were located at R

∗

≈ 0.15, resulting in a charac-
teristic annular distribution. Such a distribution is not seen in
the present case, arguably because of the coarser grid of taps
used. It is however observed in the contour plots obtained
for the axial component of the Reynolds stresses (T∗uu) cal-
culated at x

∗

= 0.75 and x
∗

= 1.50 [Figs. 5(b) and 5(e)]. This
is consistent with the presence of strong coherent motions
of the flow reversal, as pointed out by Grandemange et al.18
and Pavia and Passmore32 in the case of rectilinear three-
dimensional bodies. A different distribution characterises the
other two normal components of the Reynolds stress ten-
sor (T∗vv and T∗ww), which tend to concentrate mainly around
the body’s axis of symmetry [Figs. 5(c), 5(d), 5(f), and 5(g)].

FIG. 5. (a) Root mean square of the pressure fluctuation recorded over the model base. [(b)–(g)] Contour plots of the normal components of the normalised Reynolds stresses
extracted from two different cross-planes located downstream of the model base, respectively, at x

∗

= 0.75 [(b)–(d)] and x
∗

= 1.50 [(e)–(g)].
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Furthermore, they appear to gain strength when approaching
the wake closure (at x

∗

= 1.50), where flapping motions induced
by the shear layer instabilities are stronger.15 Non-negligible
values of T∗vv and T∗ww are also seen in the lower portion of the
field of view, as a result of the interactions between the main
body and the supporting wing. These values are still “physi-
cal,” unlike those seen for the same quantities (including T∗uu)
at the corners of all cross-planes reported in Fig. 5, which are a
consequence of the increased level of noise that characterises
the outermost regions of the TPIV domain (Sec. II C). These
areas have therefore been excluded from any further unsteady
analysis.

1. Characterisation of the wake dynamics
The application of proper orthogonal decomposition (see

Sec. II B) to the base pressure field yields the spatial modes
φn reported in Fig. 6, along with the related energy content.
The first five modes are sufficient to capture about 69% of
the energy associated with the pressure fluctuation recorded
over the entire model base, with the first three modes alone
accounting for almost 58%. This value is ≈15% points lower
than that reported in the work of Rigas et al.,36 arguably
due to the higher Reynolds number (ReD = 3.2 × 105 com-
pared to ReD = 2 × 105) and the shorter acquisition time
(ts = 600 s compared to s = 1.92 × 104 s) considered in the
present work. Remarkable similarities between the two exper-
iments, however, can be seen in the shapes of the first five
spatial modes as well as the spectral content of the related
temporal coefficients an (Fig. 6). In both cases, the highest
amount of energy is captured by a pair of modes whose spa-
tial functions are characterised by an azimuthal wave number
m = ±1 [Figs. 6(a) and 6(b)], while the premultiplied spectra of
the related temporal coefficients [a1 and a2 in Fig. 6(f)] show
a broad peak at very low frequency (StD ≈ 0.002) reminiscent
of the long-time erratic motion of the flow reversal described
also in the work of Gentile et al.15 Two additional peaks are

visible in the spectra associated with these temporal coef-
ficients. These two peaks are narrower than that seen at
StD ≈ 0.002; their energy is therefore lower. The peak asso-
ciated with the higher frequency content is located at StD
= 0.235. A similar peak is often reported in the literature for
axisymmetric bodies19,20 as well as 3D rectilinear bluff bod-
ies18,42 and is associated with flapping motions of the wake.
A second peak, present at StD = 0.095, becomes the predomi-
nant unsteady feature when the spectra related to the fourth
and fifth POD modes are considered [a4 and a5 in Fig. 6(f)].
As in the case of the first two modes, these two modes form
a pair, since they share the same spectral content, and have
similar energy levels, and their spatial functions, characterised
by an azimuthal wave number m = ±2 [Figs. 6(d) and 6(e)], are
in quadrature. The ratio of the frequencies at StD = 0.235 and
StD = 0.095 suggests that they are not harmonics, as postu-
lated by Rigas et al.36 A further argument to support this thesis
is that the wave number associated with the spatial func-
tions obtained for the mode at lower frequency (StD = 0.095)
is higher than that reported for the motion at higher fre-
quency (StD = 0.235), with m = ±2 in the former case and
m = ±1 in the latter. A peak at StD = 0.08 is seen instead for the
third mode [a3 in Fig. 6(f)], whose spatial function features a
characteristic m = 0 distribution [Fig. 6(c)]. For such reasons,
this peak can be associated with the axisymmetric pulsation
usually known as “bubble pumping.”5 In the same spectrum,
the peak at StD ≈ 0.23 can also still be seen, although with a
much lower energy content than that observed in the first pair
of modes.

Additional information on the wake dynamics can be
extracted by applying POD to the TPIV data, following the
methodology described in Sec. II C. The first pair of modes
extracted from the three-dimensional velocity field [Figs. 7(a)
and 7(b)] is characterised by the same m ± 1 azimuthal num-
ber seen in the base pressure data, but at 11.5% the combined
turbulent kinetic energy is noticeably lower than the fluctuat-
ing energy captured by the similar modes in the base pressure

FIG. 6. [(a)–(e)] Spatial functions asso-
ciated with the first five POD modes
extracted from the base pressure data
(the continuous line indicates the loca-
tion of the model trailing edge). (f)
Premultiplied spectra of the temporal
coefficients associated with the same
modes. The energy content associated
with each mode is: (a) φ1Cp − 22.4%.
(b) φ2Cp − 21.6%. (c) φ3Cp−13.8%. (d)
φ4Cp − 5.5%. (e) φ5Cp

− 5.5%.
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FIG. 7. Spatial functions of the first [(a) and (b)] and second pairs [(c) and (d)] of POD modes extracted from the TPIV dataset. Contour plot and iso-surfaces performed
considering the axial component of φnV∗ . The iso-surfaces have been smoothed for better visualisation; for the same reason, only the portion of the domain with u∗ < 0.5
has been considered. The 2D slices are located at x

∗

= 0.375, x
∗

= 0.75, x
∗

= 1.125, and x
∗

= 1.5. The energy level associated with each mode is: (a) φ1V − 6.72%. (b)
φ2V − 4.82%. (c) φ3V − 1.75%. (d) φ4V − 1.74%.

dataset. This difference is arguably due to the effects of the
shear layer unsteadiness (not captured by the pressure tap-
pings) that tends to spread the values of the fluctuating energy
over a higher number of modes. Each mode is characterised
by the presence of two opposite regions with an excess and
a deficit of streamwise momentum. The zones of opposite
streamwise velocity fluctuation extend for the entire length of
the wake and are associated with the motion of the rear recir-
culation. The amplitude of this motion is larger close to the
base than in proximity to the wake closure, where the effects
of the shear layer unsteadiness become predominant.15

The effect of these modes on the wake dynamics becomes
clearer when a low order model is considered. The model
was built combining the first two POD modes with the time
averaged flow field described in Sec. III A, according to the
equation

VLOM2 (x∗, t∗) = V(x∗) +
M∑

n=1

anV (t∗)φnV (x∗). (14)

The results, presented in Fig. 8 for four different snapshots
referring to non-consecutive instants t

∗

(with ∆t∗TPIV = V∞/(D ·
fTPIV)), are consistent with those reported in the work of

Rigas et al.36 and Gentile et al.15 They highlight the existence
of a Reflectional Symmetry Preserving (RSP) state consisting
of a hairpin vortex that is shed from the trailing edge at dif-
ferent random azimuthal positions. The vortex extends for
θv ≈ π rad in the azimuthal direction close to the base and
has two “tails” that bend toward the “opposite side” (at ≈θv
+ π rad) while moving downstream, forming a pair of (weak)
counter-rotating streamwise vortices. This structure is sim-
ilar to that proposed by Taneda41 for the wake of a sphere
and most recently by Pavia et al.33 for the wake generated
by a simplified automotive shape tested at a similar Reynolds
number.

This structure becomes easier to visualise when the λ2
criterion22 is applied to the same field. The results, illus-
trated with iso-surfaces of λ2

∗ = −0.25 coloured with the
values of u∗LOM, are presented in Fig. 9 and its Multimedia
view, for four consecutive snapshots. The hairpin vortex con-
nects the transverse structure forming close to the model
base (the “head”) with the longitudinal structures shed down-
stream of the wake closure (the “tails”), as highlighted by the
dashed line drawn in Figs. 9(a), 9(c), and 9(d). These structures,
indeed, appear to be dynamically linked together, as they are
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FIG. 8. Temporal evolution of the wake recirculation obtained combining the time averaged field with the first two POD modes. First row: wake topology as seen from the
model base, looking downstream; second row: wake topology as seen from a point downstream of the wake closure, looking upstream toward the base. The recirculating flow
is visualised by means of stream ribbons coloured according to the non-dimensional values of the axial component of the velocity u∗LOM (for the sake of simplicity, ribbons
with u∗LOM > 0.5 have been omitted). The white dashed line indicates the plane of reflectional symmetry. t

∗

denotes the non-dimensional time (∆t∗TPIV = V∞/(D · fTPIV )).
(a) t∗ = 5 · ∆t∗TPIV . (b) t∗ = 13 · ∆t∗TPIV . (c) t∗ = 25 · ∆t∗TPIV . (d) t∗ = 32 · ∆t∗TPIV .

seen to appear and disappear simultaneously, as shown in
Fig. 9 (Multimedia view). Additional coherent structures are
also observed rolling up in the region of the shear layer. Close
to the base (x

∗

≤ 0.4), the distribution of such structures is
not uniform because of the asymmetry in the wake topology.
For 0.4 < x

∗

< 0.8, however, a more even distribution of the
same structures can be seen, arguably due to the occurrence
of the shear layer instability documented in the work of Berger
et al.5 and Duell and George;10 small longitudinal ribs (see the
arrows in Fig. 9) connect the main transverse vortices, lead-
ing to the formation of a bigger toroidal structure (highlighted
by dashed-dotted lines in Fig. 9). The four snapshots sug-
gest that the overall topology of the torus does not undergo
significant variations over time, although the small coherent
structures are continuously shed and convected downstream.
This is not the case for the hairpin vortex. The distribution
of the structures forming such vortex indeed changes over
time, as the wake switches from a state with just one plane
of symmetry [dashed white line in Figs. 9(a), 9(c), and 9(d)]
toward a more axisymmetric state [Fig. 9(b)]. In the snapshots

reported in Fig. 9 (Multimedia view), it is also shown that the
transition between consecutive reflectional symmetry pre-
serving states tends to be a more “gradual” process (i.e., small
changes around the initial position are more likely to occur
than “phase” jumps) than that reported, for example, in the
case of a bluff body with a rectangular base (Refs. 17 and 18).
This is also documented in Fig. 9 (Multimedia view). The same
trend is confirmed when considering the distribution of the
changes in radial (∆R∗CoP) and azimuthal (∆θCoP) positions of
the centre of pressure over the model base between two con-
secutive time instants (t

∗

and t
∗

+ δt
∗

), determined according
to the equations

∆R∗CoP = R∗CoP(t∗ + δt∗) − R∗CoP(t∗), (15)

∆θCoP = θCoP(t∗ + δt∗) − θCoP(t∗). (16)

The results are presented in Fig. 10. An almost symmetric
distribution around 0 is obtained for both ∆R∗CoP and ∆θCoP.
This is consistent with the trend reported by Taneda41 when
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FIG. 9. Temporal evolution of the wake’s recirculation. Results obtained combining the time averaged field with the first two POD modes. In the top row, the recirculating flow
is visualised by means of stream ribbons coloured according to the non-dimensional values of the axial component of the velocity u∗LOM (for the sake of simplicity, ribbons with
u∗LOM > 0.5 have been omitted). The white dashed line indicates the plane of reflectional symmetry. In the bottom row, the recirculating flow is visualised by means of stream
ribbons superimposed on iso-surfaces of λ∗2 = −0.25 coloured with the non-dimensional value of the axial component of the velocity u∗LOM . t

∗

denotes the non-dimensional
time (∆t∗TPIV = V∞/(D · fTPIV )). (a) t∗ = 20 ·∆t∗TPIV . (b) t∗ = 21 ·∆t∗TPIV . (c) t∗ = 22 ·∆t∗TPIV . (d) t∗ = 23 ·∆t∗TPIV . Multimedia view: https://doi.org/10.1063/1.5078379.1

characterising the erratic motion of the wake developing
downstream of a sphere.

The evolution of the coherent structures isolated in the
near-wake region becomes clearer when the third and fourth
POD modes are considered [see Figs. 7(c) and 7(d)]. As in
the case of modes 1 and 2, these two modes are paired

FIG. 10. Distributions of the changes in radial [∆R∗CoP , (a)] and azimuthal [∆θCoP ,
(b)] positions of the centre of pressure between consecutive time instants (t

∗

and
t
∗

+ δt
∗

). t
∗

denotes the non-dimensional time (t
∗

= V∞/(D · f samp)). Data recorded
at 300 Hz.

since their energy level is similar and the spatial functions
associated with them are in quadrature. The distribution of
streamwise momentum associated with φ3V and φ4V shows
an m = ±1 symmetry for x

∗

< 0.75 and x
∗

> 0.75. In contrast
to that seen for the first pair of modes, however, the sign
of φnu∗ is not constant across the length of the recirculating
region. In fact, φnu∗ is observed to change sign between the
two lobes at x

∗

≈ 0.75, resulting in a “helical” structure similar
to the “Yin-Yang” mode observed in the numerical simula-
tions performed by Yang et al.46 when studying the turbulent
wake behind a disk. Each lobe of the helix switches “side”
while moving downstream of the base in the same way as the
“tails” of the hairpin vortex characterising the RSP state are
seen to bend. This structure is also reminiscent of the reflec-
tional symmetry breaking (RSB) mode isolated in the lami-
nar regime by Fabre et al.13 for the wake behind a circular
disk. Furthermore, the location where the switch between the
two lobes occurs is close to the location where Grandemange
et al.20 placed the small control cylinder used for stabilis-
ing the wake, of a similarly shaped body, in an axisymmetric
state.

The new pair of modes presented in Figs. 7(c) and 7(d) pro-
vides further proof of the existence of a dynamic link between
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FIG. 11. Temporal evolution of the wake’s recirculation. Results obtained combining the time averaged field with the first four POD modes. The recirculating flow is visualised
by means of stream ribbons superimposed on iso-surfaces of λ∗2 = −0.25 coloured with the non-dimensional value of the axial component of the velocity u∗LOM . t

∗

denotes
the non-dimensional time (∆t∗TPIV = V∞/(D · fTPIV )). (a) t∗ = 20 · ∆t∗TPIV . (b) t∗ = 21 · ∆t∗TPIV . (c) t∗ = 22 · ∆t∗TPIV . (d) t∗ = 23 · ∆t∗TPIV . (e) t∗ = 24 · ∆t∗TPIV . (f)
t∗ = 25 · ∆t∗TPIV . (g) t∗ = 26 · ∆t∗TPIV . (h) t∗ = 27 · ∆t∗TPIV . Multimedia view: https://doi.org/10.1063/1.5078379.2

the “head” and the “tails” of the hairpin vortices, as high-
lighted by the results presented in Fig. 11 and its Multimedia
view, which refer to a low order model built by adding this
second pair of modes to the flow field already presented in
Fig. 9 (Multimedia view). The “tails” of the hairpin vortices are
now more clearly defined [Figs. 11(a), 11(c)–11(f), and 11(h)]. The
formation of these structures indeed appears to be strictly
linked to the development of the asymmetry in the azimuthal
direction, as proven by the fact that the asymmetry itself
is reduced when the “tails” weaken [Fig. 11(e)] or disappear
[Figs. 11(b) and 11(g)]. On the other hand, when the azimuthal
asymmetry reaches its maximum “strength,” the longitudinal
structures are seen to stretch downstream, as the transverse
vortex expands toward the base [Figs. 11(a), 11(c), and 11(f)].
This process is similar to that described by Pavia et al.33 for a
rectilinear three dimensional body with a bi-stable wake, con-
firming the existence of similar dynamics for turbulent wakes
generated by simple three dimensional bluff bodies of dif-
ferent shapes.36 While stretching downstream, the “tails” do
not run parallel to the body’s axis of symmetry but instead
bend toward the shear layer, in either the same direction
[Figs. 11(c) and 11(f)] or opposite directions [Fig. 11(a)]. This

results in a flapping motion of the wake closure, visible in
Fig. 11 (Multimedia view).

More insights into the interactions between the hairpin
vortex and the surrounding shear layer are provided by the
higher order POD modes. Traces of m = 0 and m = 2 distri-
butions, matching the third, fourth, and fifth POD pressure
modes reported in Fig. 6, can be found in the higher order POD
modes extracted from the TPIV dataset, with n ranging from 5
to 10 (Fig. 12). In particular, m = 2 distributions, with different
azimuthal orientations, are obtained for the fifth [Fig. 12(a)],
sixth [Fig. 12(b)], seventh [Fig. 12(c)], eighth [Fig. 12(d)], and
tenth [Fig. 12(f)] modes, whereas a more axisymmetric shape,
corresponding to an azimuthal wave number of m = 0, is seen
for the ninth mode [Fig. 12(e)]. These modes are reminiscent
of those reported by Gentile et al.15 when analyzing time
resolved PIV data acquired at different cross-planes down-
stream of the base of a similarly shaped body. However, they
are characterised by a much lower energy content, arguably
due to the more limited capability of TPIV to accurately resolve
the shear layer bounding the wake.38 The m = 0 distribu-
tion appears to be linked to the unsteady motion of the wake
in the axial and radial directions, particularly evident in the
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FIG. 12. Spatial functions of the POD modes extracted from the TPIV dataset (5 ≤ n ≤ 10). The 2D slices are located at x
∗

= 0.375, x
∗

= 0.75, x
∗

= 1.125, and x
∗

= 1.5; they
are coloured according to the values of the axial component of φnV∗ . Only the portion of the field of view with u∗ < 0.5 has been considered for visualisation purposes. The
energy level associated with each mode is: (a) φ5V

− 1.68%. (b) φ6V − 1.49%. (c) φ7V − 1.34%. (d) φ8V − 1.29%. (e) φ9V − 1.17%. (f) φ10V − 0.95%.

region close to the base. In the same way, the m = 2 shapes
describe the evolution of the longitudinal “tails” of the hairpin
structures.

When these modes are added to the low order model
described in Eq. (14), the dynamic behavior previously dis-
cussed can still be recognised (see Fig. 13 and its Mul-
timedia view) since the coherent structures forming the
hairpin vortices are still visible. The “vortex tails” further
increase in size [see the arrows in Figs. 13(a), 13(d), and 13(h)]
and bend outwards even further, accentuating the “ovalisa-
tion” of the wake closure described in the work of Gentile
et al.15 As they interact with the shear layer, the “tails” burst
into smaller vortical structures, clearly visible in Figs. 13(c)
and 13(f) (see arrows). These structures are similar to

those reported in the unsteady numerical simulations per-
formed by Mariotti et al.,29 for a similarly shaped body, and
Evstafyeva,12 for geometries with a rectangular base. Their
shedding has been found to be at the origin of the flapping
motions of the wake closure that characterises the short-time
wake dynamics.18,25

Additional information on such dynamics can be gathered
from the spectral analysis of the signals recorded by pres-
sure taps located at different radial locations. As shown in
Fig. 14(a) for θ = π/2 rad, a predominance of the wake pump-
ing (StD = 0.08) is observed in the region close to the centre
of the base, in agreement with the trend reported in Fig. 12. A
shift in frequency, from StD = 0.08 to StD = 0.095, is observed
when moving towards the outer edge of the base. In the same
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FIG. 13. Temporal evolution of the wake’s recirculation. Results obtained combining the time averaged field with the first ten POD modes. The recirculating flow is visualised
by means of stream ribbons superimposed on iso-surfaces of λ∗2 = −0.25 coloured with the non-dimensional value of the axial component of the velocity u∗LOM . t

∗

denotes
the non-dimensional time (∆t∗TPIV = V∞/(D · fTPIV )). (a) t∗ = 20 · ∆t∗TPIV . (b) t∗ = 21 · ∆t∗TPIV . (c) t∗ = 22 · ∆t∗TPIV . (d) t∗ = 23 · ∆t∗TPIV . (e) t∗ = 24 · ∆t∗TPIV . (f)
t∗ = 25 · ∆t∗TPIV . (g) t∗ = 26 · ∆t∗TPIV . (h) t∗ = 27 · ∆t∗TPIV . Multimedia view: https://doi.org/10.1063/1.5078379.3

conditions, the peak at StD = 0.235, not visible for R
∗

→ 0, also
becomes evident.

Further information is added by the two-point coherence
analysis performed considering taps placed at different loca-
tions. For example, when the sensors located, respectively, at
(R
∗

= 0.429, θ = π/2 rad) and (R
∗

= 0.429, θ = 3/2π rad) are
considered [Fig. 14(e)], some level of coherence is seen only at
StD = 0.235. Combined with the π rad delay in the phase angle
χ, this further confirms the flapping nature of the motion
associated with this peak. No coherence is observed at either
StD = 0.08 or StD = 0.095, but a peak at StD = 0.08 is seen when
the same analysis is performed considering one of the pres-
sure sensors on the outermost ring (at R

∗

= 0.429) and the tap
located at the centre of the model base [at R

∗

= 0, as shown
in Fig. 14(f)]. A phase angle of 0 rad is observed in this case,
confirming the pulsating nature of this mode. The same value
of χ is observed for the peak at StD = 0.095, obtained when
calculating the coherence between two taps located, respec-
tively, at R

∗

= 0.429 and R
∗

= 0.286, having fixed for simplicity
the azimuthal position at θ = π/2 rad [Fig. 14(g)]. A second
peak at StD = 0.235 is also visible in this case, in agreement
with that seen when considering the auto-spectra of the sig-
nals recorded by the taps located close to the outer edge of
the base.

These trends are confirmed when the coherence analysis
is extended to all the taps located on the base, having selected
data recorded by one of the taps located on the outermost
ring (at R

∗

= 0.429) as the first element of Eqs. (10) and (11) and
fixed the frequency at either StD = 0.08 [Fig. 14(b)], StD = 0.095
[Fig. 14(c)], or StD = 0.235 [Fig. 14(d)]. Similarities are seen in the
phase maps obtained for StD = 0.08 and StD = 0.095. In both
cases, the regions with the highest level of coherence are in
phase with the signal recorded by using the selected sensor.
The main difference between these two cases is in the size
of the region with Λ > 0.075. This region is confined to the
outer edge of the base for StD = 0.095, whereas it appears to
extend toward the centre for StD = 0.08. This is different from
that seen for StD = 0.235, for which a region of coherence and
χ = π rad is observed only at θ = π rad from the location of the
reference tap, whereas no coherence is seen with the signals
recorded in proximity to the centre of the base. The fact that
the peak at StD = 0.235 is only visible close to the outermost
edge of the base is consistent with the fact that this frequency
is related to unsteady motions located mostly in proximity to
the wake closure.28

Together these data allow a more accurate model of
the short-time unsteady evolution of the near wake to be
described. The modes at StD = 0.08 and StD = 0.095 appear to
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FIG. 14. (a) Power spectral density of
the non-dimensional pressure signals
recorded by using pressure taps placed
at different radial locations, from R

∗

= 0
to R

∗

= 0.429 (θ = π/2 rad in all cases).
The curves have been shifted along
the vertical axis. [(b)–(d)] Contour maps
showing the results of the coherence
analysis performed between one of the
sensors placed along the outermost ring
of taps (R

∗

= 0.429) and all the remain-
ing pressure sensors at (b) StD = 0.08;
(c) StD = 0.095; (d) StD = 0.235. The
hatched region denotes the zone with
low coherence magnitude (Λ < 0.075);
the continuous line indicates the loca-
tion of the model trailing edge. [(e)–(g)]
Two-point coherence analysis performed
between signals recorded by using taps
placed in different locations of the base:
(e) R

∗

= 0.429, θ = π/2 rad Vs R
∗

= 0.429, θ = 3/2π rad; (f) R
∗

= 0.429,
θ = π/2 rad Vs R

∗

= 0; (g) R
∗

= 0.429,
θ = π/2 rad Vs R

∗

= 0.286, θ = π/2 rad.

be complementary, as they are both associated with the alter-
nate expansion and contraction of the hairpin vortices isolated
in Figs. 9, 11, and 13 (Multimedia view), with the first frequency
prevailing at R

∗

≈ 0, where the transverse vortex developing
close to the base (the “head” of the hairpin vortex) is seen to
continuously “stretch” and “squeeze,”33 and the second fre-
quency becoming visible close to the outer edge of the base,
where the interactions between the tails of the same vortices
and the shear layer become predominant. As a result of such
interactions, the tails “burst” into smaller vortical structures,25
whose shedding is at the origin of the peak at StD = 0.235 iso-
lated in the pressure dataset, close to the model trailing edge.
Time resolved TPIV data, however, are needed to conclusively
prove this thesis.

2. Effects of the wake dynamics on the base drag
The existence of a relationship between the instanta-

neous base pressure distribution and the unsteady evolution
of the wake has been investigated by considering the joint
probability density functions of the value of the base drag
CDBase recorded at any time instant t

∗

and the radial R∗CoP and
azimuthal θCoP positions of the centre of pressure, determined
from the base pressure data according to Eq. (3). The results
for the original dataset sampled at 300 Hz are presented in
Figs. 15(a) and 15(d).

An almost circular distribution is obtained in the plane
CDBase , R∗CoP [Fig. 15(a)], as the points tend to cluster around the
position R∗CoP ≈ 0.025, CDBase ≈ 0.190 (the fact that R∗CoP , 0

for most of the time confirms the non-axisymmetric nature of
the pressure distribution over the model base, at least from
an unsteady point of view). At the same time, all azimuthal
positions are equally explored [Fig. 15(d)], with a slight pre-
dominance of the position at θCoP ≈ 3/4π, arguably due to the
presence of some small residual asymmetries in the experi-
mental setup, which may also explain the slight eccentricity
observed in the time averaged base pressure map reported in
Fig. 4(a).

An interesting trend emerges when the bin-average of the
values of CDBase recorded at different radial positions is per-
formed [red curve in Fig. 15(a)]. In this case, bins of 1.0 × 104

data points (equal to 5.6% of the length of the original dataset)
have been considered. As can be seen in Fig. 15(a), C̃DBase tends
to drop from the time averaged value (CDBase =0.189) when
either R∗CoP < 0.03 or R∗CoP > 0.03. This seems to suggest
the existence of two different low-drag scenarios. The first
state, with R∗CoP → 0, is characterised by the restoration of
the symmetry of the wake in the axial direction [as seen,
for example, in Figs. 11(b) and 11(c)] and is consistent with
the results reported in the work of Grandemange et al.20 for
a similar case. The second state, with R∗CoP → 0.04, corre-
sponds to the selection of one of the reflectional symmetry
preserving states shown in Figs. 8, 9, and 11 (Multimedia view)
and seems to confirm the trend reported by Oxlade31 when
controlling the wake past a similarly shaped body using a
high frequency pulsed jet located close to the model trailing
edge.
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FIG. 15. First and second rows, joint probability density functions of the values recorded for the base drag CDBase , at the each time instant t
∗

, and the radial (R∗CoP) and
azimuthal (θCoP) positions of the centre of pressure at the same instant: [(a) and (d)] data recorded in the experiment at 300 Hz; [(b) and (e)] data filtered with a low-pass
filter; [(c) and (f)] data filtered with a high-pass filter. In both filtered cases, the cut-off frequency is at 5 Hz. The red curves refer to the values of CDBase averaged in bins of
1.0 × 104 data points (equal to 5.6% of the length of the original dataset). [(g) and (h)] Base pressure distributions obtained for the low-drag case scenarios isolated from the
low-pass and high-pass filtered datasets. The conditional average has been performed considering the data points associated with the smallest 1% and the largest 1% of the
values of R∗CoP .

Only one of the two low-drag configurations is preserved
when the data are filtered using either a low-pass or a high-
pass filter, having applied a cut-off frequency of 5 Hz (or StD
= 0.027) in both cases. This frequency is higher than the fre-
quency characteristic of the long-time instability but lower
than any of the frequencies characterising the short-time
wake dynamics discussed in Sec. III B 1.

As can be seen in Fig. 15(b), when the data are low-pass
filtered, only the left branch of the curve reported in Fig. 15(a)

is kept. Therefore, the only low-drag configuration admissi-
ble is the axisymmetric one (with R∗CoP → 0). Furthermore,
the fact that in this case the values of R∗CoP are not seen to
increase beyond R∗CoP ≈ 0.03 seems to suggest that higher
deviations in the radial position of the centre of pressure are a
consequence of the short-time wake dynamics. The very low
frequency motion, on the other hand, is still clearly visible,
as highlighted by the uniform distribution observed for the
joint probability density function obtained for CDBase and θCoP
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[Fig. 15(e)]. As expected, the contribution of such a mode to
the overall wake dynamics is now even stronger than before.
This becomes evident when POD is applied to the low-pass fil-
tered data. As shown in Fig. 16, although no major changes are
reported for the shapes of the spatial modes between this case
and the unfiltered dataset discussed in Sec. III B 1, a significant
variation is seen in the energy content of the first two modes,
which is observed to almost double up. The most significant
change in the shape of the spatial functions obtained in the
two cases is in the third mode. The m = 0 distribution seen in
Fig. 6(c) for the unfiltered case is replaced by a more “elon-
gated” shape, with just two planes of symmetry. This shape is
not dissimilar from that reported by Pavia et al.33 when test-
ing a simplified square-back automotive shape at a yaw angle
of Ψ ≈ 0◦. In that case, a relationship was found between this
mode, associated with the motion of the wake mostly in the
axial direction, and the lateral symmetry breaking bi-stable
mode first described in the work of Grandemange et al.18 In
particular, it was shown that the temporal coefficient associ-
ated with such a mode tends to reach higher values when the
temporal coefficient linked to the lateral symmetry breaking
mode goes to zero, suggesting that an increase in base pres-
sure occurs every time the lateral symmetry of the wake is
restored. A similar trend is seen for the axisymmetric body of
the present investigation, when a low-pass filter is applied to
the original dataset [Fig. 18(e)]. An indication of this relation-
ship is visible in the joint probability density functions of a3
and a1, obtained for the unfiltered signal. However, it becomes
much clearer when a low-pass filter is applied to the same
data [Fig. 18(e)]. This trend is consistent with that shown by
the low-order unsteady velocity fields presented in Figs. 9
and 11 (Multimedia view). When the wake recovers its axial
symmetry and the hairpin vortex observed in the reflectional
symmetry preserving states disappears, the only large coher-
ent structure that is left is the ring vortex shown in Figs. 9(b),
11(b), and 11(g) (Multimedia view). This structure is located fur-
ther downstream from the base than the “head” of the hairpin
vortex seen in the RSP states. Its interaction with the model

base is therefore weaker, allowing a better pressure recov-
ery, especially in proximity to the centre of the base, where
the amount of reverse flow increases. The existence of such a
state is confirmed by the base pressure distribution obtained
when averaging the pressure fields associated with the small-
est 1% of the values of R∗CoP. As shown in Fig. 15(g), the axisym-
metric distribution resulting from this conditional average is
rather different from that produced by the temporal average
reported in Fig. 4(a) or in the work of Rigas et al.36 It is char-
acterised by the presence of an annular low pressure region
developing at R

∗

≈ 0.5 and surrounded by a ring of higher pres-
sure located in proximity to the trailing edge of the model.
Unlike that seen in previous cases [Fig. 4(a) and Ref. 36] how-
ever, the latter region is no longer the portion of the base
characterised by the highest values of Cp, as this appellative
now belongs to the centre of the base itself. A similar distribu-
tion was reported in the work of Pavia et al.33 for the symmetry
preserving state of the wake of a rectilinear three-dimensional
model with a rectangular base, further confirming the similar-
ities between these two cases. A ≈ 4.2% drop in CBase over the
time averaged value discussed in Sec. III A is seen in these con-
ditions (from CBase = 0.189 to C̃Base = 0.181). This is close to the
gain reported by Grandemange et al.20 when forcing the axial
symmetry of the wake of a similarly shaped body.

The second low drag scenario visible in Fig. 15(a), for
R∗CoP > 0.03, is of a different nature. This is the only low-
drag state that is still visible in the joint probability density
function distribution of CDBase and R∗CoP, when the high-pass
filtered dataset is considered [Fig. 15(c)]. In fact, R∗CoP → 0 rep-
resent in this case the condition associated with the highest
values of C̃Base. The base drag, on the other hand, is seen to
decrease as R∗CoP → 0.04, although the trend is much weaker
than that observed for the low-pass filtered signal, as high-
lighted by the noticeable reduction observed in the magnitude
of the correlation coefficient between the two cases [from
0.5 of Fig. 15(b) to 0.19 of Fig. 15(c)]. In such conditions, the
wake tends to lock in a symmetry preserving state, following
the stabilisation of the hairpin vortex structure described in

FIG. 16. [(a)–(e)] Spatial functions asso-
ciated with the first five POD modes
extracted from the base pressure data
filtered with a low-pass filter. In each
figure, the continuous line indicates the
location of the model trailing edge. (f)
Premultiplied spectra of the temporal
coefficients associated with the same
modes. The energy content associated
with each mode is: (a) φ1Cp − 39.8%.
(b) φ2Cp −37.8%. (c) φ3Cp −8.5%. (d)
φ4Cp − 4.7%. (e) φ5Cp

− 4.6%.
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FIG. 17. [(a)–(e)] Spatial functions asso-
ciated with the first five POD modes
extracted from the base pressure data
filtered with a high-pass filter. In each
figure, the continuous line indicates the
location of the model trailing edge. (f)
Premultiplied spectra of the temporal
coefficients associated with the same
modes. The energy content associated
with each mode is: (a) φ1Cp − 14.9%.
(b) φ2Cp − 9.1%. (c) φ3Cp − 8.9%. (d)
φ4Cp − 5.9%. (e) φ5Cp

− 5.9%.

Sec. III B 1. In particular, the position around θCoP ≈ 3/4π
is selected, as suggested by the distribution obtained in this
case for the joint probability density function of CDBase and θCoP
[Fig. 15(f)]. This position already appears to be a weak attrac-
tor when the full dataset is considered [Fig. 15(d)], arguably as
a result of the presence of a (small) residual asymmetry in the
experimental setup. Its selection is a direct consequence of
the suppression of the very low frequency dynamics. The low-
drag state obtained in this case is characterised by a much
stronger pressure gradient in the direction of the plane of

reflectional symmetry compared to that in the radial direc-
tion for the low-pass filtered data [Fig. 15(g)], as two regions
with, respectively, lower and higher pressure than the low-
and high-pressure regions observed in Fig. 15(g) coexist. This
is evident in the base pressure distribution obtained, per-
forming the average of the pressure fields associated with the
highest 1% of the values of R∗CoP [Fig. 15(h)]. Nevertheless, the
resulting value of the base drag is only ≈0.001 higher than
that obtained for the axisymmetric distribution previously
discussed.

FIG. 18. Joint probability density functions of the second
and first POD temporal coefficients [(a)–(c)], third and first
POD temporal coefficients [(d) and (e)], and third and sec-
ond POD temporal coefficients (f) obtained for [(a) and (d)]
data recorded in the experiment at 300 Hz; [(b) and (e)] data
filtered with a low-pass filter; [(c) and (f)] data filtered with a
high-pass filter. In both filtered cases, the cut-off frequency
is at 5 Hz.
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The effects of the high pass filter become even more vis-
ible when POD is applied to the same dataset. Having filtered
out the very low frequency motions changes the ranking of
the different POD modes quite noticeably. As can be seen in
Fig. 17(e), a direct consequence of the stabilisation of the wake
around a single plane of reflectional symmetry is the reduc-
tion in the energy content of the modes featuring an azimuthal
wave number of m = ±1. The energy level of such modes drops
by more than 100% compared to that in the unfiltered dataset
reported in Fig. 6, as the only coherent motions that these
modes are now able to capture are those associated with the
frequency peaks at StD = 0.095 and StD = 0.235 [Fig. 17(f)]. The
energy content of these modes is now lower than that asso-
ciated with the m = 0 mode, arguably because close to the
base the “wake pumping” at StD = 0.08 is stronger than the
motions at StD = 0.095 and StD = 0.235, as the latter modes
stem from the interactions between the hairpin vortex and the
vortex ring developing in correspondence of the wake closure,
as explained in Sec. III B 1. Unlike the low-pass case, however,
no relationship is found when looking at the joint probabil-
ity density function distribution between the temporal coeffi-
cients related to the modes with m = 0 and m = ±1 [Fig. 18(c)].
Similar conclusions can be extended to the plot showing the
joint probability density function distribution between a2(t)
and a3(t). Unlike that seen in Figs. 18(a) and 18(b), where the
values of the temporal coefficients obtained for the m = ±1
modes tend to arrange in an annular pattern as a consequence
of the long time erratic motion of the flow reversal,15 no cor-
relation is visible in the high-pass filtered dataset between the
temporal coefficients associated with such modes [Fig. 18(f)].

IV. SUMMARY AND CONCLUSIONS
The near-wake of an axisymmetric body with a length-

to-diameter ratio L/D = 5 has been studied using an array
of base pressure tappings and large scale Tomographic Par-
ticle Image Velocimetry (TPIV), at a diameter based Reynolds
number of ReD = 3.2 × 105. Base pressure measurements
have shown a good match with the existing literature.36 The
application of Proper Orthogonal Decomposition (POD) to the
pressure data has confirmed the existence of three different
coherent motions of the wake: a very low frequency mode,
resulting in a long-time erratic motion of the wake similar to
that described by Taneda41 for a sphere; a flapping motion
of the shear layer,20 occurring at a normalised frequency of
StD ≈ 0.23; and a pumping motion.5

Further insights into the near-wake topology and its
dynamics have been extracted from the application of snap-
shot POD to the TPIV data. The first pair of modes has the
same m = ±1 symmetry seen in the corresponding modes
extracted from the base pressure field. From the low order
model built combining the time averaged field with these two
modes, it can be inferred that the axisymmetric topology seen
for the time averaged wake is the result of the succession
of different Reflectional Symmetry Preserving (RSP) states,
each one featuring a single plane of symmetry randomly ori-
ented in the azimuthal direction. The RSP states are char-
acterised by the presence of a transverse vortex developing

close to the model base and two streamwise vortical struc-
tures forming downstream of the wake closure. These struc-
tures are dynamically linked together, resulting in a “hairpin
vortex.”

The hairpin vortices are randomly shed from different
azimuthal locations, although some level of axial symmetry is
recovered in the shear layer forming in proximity to the wake
closure (for 0.4 < x

∗

< 0.8). Remarkable similarities are found
with that described in the work of Pavia et al.33 for the wake
of a square-back body in the ground effect, suggesting the
existence of a “universal” dynamic behavior for the wakes of
three-dimensional bluff bodies.36

Further proof of the existence of a “dynamic link” between
the “head” and the “tails” of the hairpin vortex seen in the RSP
states is provided by a second pair of POD modes, not visi-
ble in the pressure dataset. These modes are characterised by
a twisted two-lobe structure, reminiscent of the reflectional
symmetry breaking mode isolated in the laminar regime by
Fabre et al.13 They describe the contraction/expansion pro-
cess experienced by the hairpin vortices. As the “head” of the
hairpin vortex stretches downstream, its “tails” are seen to
deviate from the body’s axis, bending toward the shear layer.
After having reached a maximum, the hairpin vortex starts
to shrink, until the axial symmetry is recovered (at least in
part). The process then starts again, with a new hairpin vortex
developing in either a similar or different azimuthal location,
depending on any random perturbation.

The analysis of the temporal evolution of the radial posi-
tion of the centre of pressure R∗CoP over the model base has
demonstrated the existence of two low-drag scenarios. The
first one, obtained when R∗CoP → 0, is characterised by the
restoration of the symmetry of the wake in the axial direction,
arguably as a consequence of the disappearance of the hairpin
vortex. The second state, with R∗CoP → 0.04, corresponds to the
selection of a single reflectional symmetry preserving state,
whose orientation appears to be dictated by any small asym-
metry present in the experimental setup Oxlade.31 The fact
that only one of these two states remains when the data are
filtered with either a low-pass filter or a high-pass filter (both
with a cut-off frequency of 5 Hz) provides useful information
for the implementation of flow control strategies aiming to
reduce the drag. It is shown that the selection of an axisym-
metric pressure distribution is not a necessary condition to
achieve a base drag reduction, although it is the only admis-
sible low-drag scenario when the short-time wake dynamics
are filtered-out, for example, by adding a cavity to the model
base, as shown by Lucas et al.25

The existence of a link between the “pumping mode”
described in the work of Berger et al.5 and the flapping mode
isolated at StD ≈ 0.10 by Rigas et al.36 is also proposed. Both
modes appear to be associated with the alternate expansion
and contraction of the coherent structures forming the “hair-
pin vortex,” with characteristic frequencies ranging from StD
= 0.08, close to the centre of the base, up to StD = 0.095 in
proximity to the model trailing edge. The fact that the first fre-
quency is stronger at R

∗

≈ 0 whilst the second becomes visible
only in proximity to the shear layer suggests that the peak at
StD = 0.08 may be linked to the evolution of the transverse
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vortex forming close to the base (the “head” of the hairpin
vortex), whereas the second peak may be associated with the
interactions of the vortex “tails” with the vortex ring forming
close to the wake closure as a result of the shear layer insta-
bility. The same interactions may also be at the origin of the
third peak isolated in the pressure dataset at StD = 0.235. Par-
tial confirmation to such hypothesis is given by the fact that,
when higher order modes are added to the low order TPIV
flow field (up to n = 10), the vortex tails are occasionally seen
to burst into smaller vortical structures, similar to the “vor-
tex loops” identified in the numerical simulations performed
by Mariotti et al.,29 Lucas et al.,25 and Evstafyeva12 and linked
to the same behavior. Time resolved TPIV data, however, are
needed to further confirm this model.
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