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Abstract The present work focuses on the intrinsic properties of an axisymmetric
separating/reattaching flow. A numerical simulation of a compressible flow over
a cylinder extended by another cylinder of smaller diameter is performed at a
Reynolds number based on the diameter of the larger cylinder of 1.2 × 106 . Statistical and fluctuating properties are compared with the available experimental data
and those of two additional configurations. First the plane counterpart of the axisymmetric case allows to assess the influence of three-dimensionality. Then a double
backward facing step designed from the half upper part of the plane case permits
to survey the flow interactions. Finally a linear stability analysis is coupled with
two-point correlations unveiling the importance of the highest coherent modes in
the flow behaviour.

1 Introduction
Unsteady flow mechanisms such as wall-bounded turbulent shear phenomena with
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metric and plane step flows present similarities regarding the shear layer instability
process as emphasized by Deck and Thorigny [5]. Nevertheless, the amount of unsteady analysis and experimental data about the disparities between plane and axisymmetric step flows is very limited in the literature. Roshko [10] has stressed the
lack of a theory analogous to the one of Von Kàrmàn for the plane vortex street.
Recently, Deprés et al. [6] have highlighted the features of several axisymmetric
base flows, depending on the occurrence of a downstream solid reattachment of the
free shear layer or not. Concerning the flow interactions Ho and Huerre [7] have reminded the importance of the global feedback mechanism in the shear layer process.
Finally, instability mechanisms have been investigated numerically by Sandberg
and Fasel [11] in supersonic axisymmetric wakes behind a bluff body for several
Reynolds numbers and related unstable modes to coherent structures.
The purpose of this work is to couple the unsteady analysis with the linear stability theory after a preliminary introduction of the configurations and the general
instantaneous behaviour of the flows. Finally, footprints are proposed to explain the
underlying mechanisms related to the dynamics of the step flows.

2 Methods and configuration set up
The axisymmetric afterbody dimensions (see figure 1) were chosen to dovetail with
the experiments of the ONERA’s S3Ch wind tunnel described by Deprés et al. [6]
and later by Meliga and Reijasse [8]. The configuration is placed into a flow with
a free stream Mach number of 0.702 yielding a Reynolds number based on the
forebody diameter ReD ≈ 1.2 × 106 .

Fig. 1 Sketch of the axisymmetric geometry exhibiting
the mesh, velocity vectors
upstream from the separated
area, characteristic dimensions and the mean organisation of the flow.

As represented in figure 2, the plane case consists in an extrusion of a longitudinal
plane of symmetry of the axisymmetric configuration over 1.2D and the double
backward facing step (DBFS) is the upper part of this plane case providing two step
heights equal to 0.3D and 0.2D (see figure 3). The approach used to model the flow
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Fig. 2 Schematic view of the
plane case showing the mesh,
velocity vectors upstream
from the separated area,
characteristic dimensions and
the mean organisation of the
flow.

Fig. 3 Cutaway through the
double backward facing step
geometry depicting the mesh,
velocity vectors upstream
from the separated area,
characteristic dimensions and
the mean organisation of the
flow.

is Zonal Detached Eddy Simulation (ZDES) proposed by Deck [4] and the mesh1
includes 12 million hexaedric cells, with 240 cells in the azimuthal direction.

3 Results and discussion
The validation of the axisymmetric simulation has been exhibited in Weiss et
al. [12]. The behaviour of the instantaneous flow field for the three cases is illustrated in figure 4, 5 and 6. The turbulent structures are evidenced plotting values
of the second invariant of the velocity gradient tensor Q defining the footprints of
vortex tubes. In all cases, a roll-up of toroidal eddies apparently occurs apparying and rapidly replaced by large three-dimensional structures. They develop as the
shear layer approaches reattachment and are destabilized for the axisymmetric case
by azimuthal instability modes according to Deck and Thorigny [5]. The plane case
exhibits a vigorous shedding whereas the DBFS seems to be led by the development
of the mixing layer. Some similarities with the axisymmetric bluff body discussed
by Sandberg and Fasel [11] such as oblique or helical structures, longitudinal struc-

1

Meshes represented in figures 1,2 and 3 are the part of interest of the whole meshes which are
wider in all directions.
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Fig. 4 Map of non dimensional Q (i.e. Q.U∞2 /D2 )
evidencing the coherent structures downstream the axisymmetric step flow (blue stands
for negative values and red for
positive values)

Fig. 5 Dimensionless Q criterion evidencing the coherent
structures downstream the
plane case (blue stands for
negative values and red for
positive values)

Fig. 6 Visualization of non
dimensional Q criterion
planes evidencing the coherent structures downstream
the double backward facing
step flow (blue stands for
negative values and red for
positive values)

tures and several vortex loops can be noticed. However, their scales differ because
the convective Mach number and the Reynolds number are quite different.
To get deeper insight into the spatial organization of the flow, the azimuthal coherence of two pressure sensors located in a plane normal to the inflow at a constant
location x and a constant radius r can be considered (see Deck and Thorigny [5]).
Cr,m represents the percentage of the fluctuating energy at frequency f relative to
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Fig. 7 Spectral sheet of the
azimuthal pressure mode
Cr,1 for every streamwise
location along the emergence
in function of nondimensional
frequencies, −− : spatial
limits of the absolute area for
m=1

the azimuthal mode m since ∑m Cr,m = 1. A Cr,1 spectrum has been plotted for every
streamwise location providing a spectral layer (figure 7). It exhibits the highest percentages of the fluctuating energy for Strouhal numbers StD based on the forebody
diameter close to 0.2 which are localized between x/D ≈ 0.35 and x/D ≈ 0.75. Let
us now consider a perturbation approach of this flow.

Fig. 8 Streamwise evolution
of the growth rate Im(ω). ◦:
m = 0 mode for the axisymmetric case, ¦: m = 1 mode
for the axisymmetric case, 2:
plane case, 4: double backward facing step. Solid line
represents the threshold of
marginal absolute instability
for Im(ω) = 0.

In the context of spatio-temporal stability analysis, the singularities of the resulting dispersion relation are determined and the ones satisfying the Briggs-Bers
pinching criterion (see Briggs [2] and Bers [1]) have been selected. Results summarized in figure 8 show that the mean flow is linearly absolutely stable for an axisymmetric disturbance (m = 0) for all streamwise locations and frequencies. Concerning a helical disturbance (m = 1), the mean flow is linearly absolutely unstable
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Fig. 9 Streamwise evolution
of the Strouhal number StD
based on the diameter of
the larger cylinder. ◦: m = 0
mode for the axisymmetric
case, ¦: m = 1 mode for the
axisymmetric case, 2: plane
case, 4: double backward
facing step.

for a broad range of abscissa x/D ∈ [0.35; 0.75] close to StD ≈ 0.2 (see figure 9).
The co-existence of absolute helicoidal (m = 1) unstable global modes within the
recirculation region and convectively unstable shear-layer modes corroborates the
results of Sandberg and Fasel [11]. Indeed, the linear criterion proposed by Chomaz
et al. [3] points out that the dominant global mode is close to StD = 0.227 which
is in excellent agreement with ZDES results. Indeed, the spectrum of the azimuthal
antisymmetric pressure mode, depicted in figure 7, finds a maximum of fluctuating energy (centered around StD ' 0.2) precisely in the absolutely unstable area of
the mean flow. Concerning the plane and DBFS cases, instabilities remain of convective nature. The explanation for the DBFS seems to lie in the presence of the
walls strongly stabilizing the flow. Regarding the instantaneous behaviour of the
plane case flow which acts as an oscillator, an absolute instability could govern the
dynamics of the flow downstream the extension as in two-dimensional bluff body
flows [9].

4 Conclusions
Axisymmetric turbulent separating/reattaching flow has been investigated at ReD ≈
1.2 × 106 . It is shown that a large scale coherent motion at frequency f .D/U∞ ≈ 0.2
dominates an ordered structure in this separating/reattaching flow. The stability analysis has allowed us to show that axisymmetric turbulent afterbody dynamics is
clearly dominated by a helical absolute instability while other modes (m = 0 and
m ≥ 2) remain of convective nature. These results are in excellent agreement with
the azimuthal antisymmetric pressure mode spectra. This last point is of major importance since the analysis of the flow dynamics and the perturbation technique
converge on the same spatial information. Concerning the double backward facing
step, the flow remains convectively unstable likely due to the presence of the walls
stabilizing the flow. Finally the plane case flow, contrary to its axisymmetric coun-
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terpart which exhibits an absolute instability above the extension, could be governed
by an absolute instability downstream the extension as for two-dimensional oscillator configurations. This should be demonstrated in future works.
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