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Abstract. Turbulent shear flows containing high levels of instantaneous turbulence or mean reversed flow, 
separation and reattachment, occur in many technical applications. The purpose of this paper is to describe the 
topology of a separated/reattached flow, to present a set of measurements of the separated flow behind a 
backward-facing step, and to perform an analysis of the data. The experiment has been conducted at a Re number 
of 84000, which was estimated based on the step height.  
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1. INTRODUCTION 

There are two types of flow separation 
encountered in engineering applications involving 
fluid flows: geometry induced separation, which 
occurs when the fluid has to pass over a sharp 
edge, and adverse pressure gradient (APG) induced 
separation, typical for flows over curved surfaces. 
The geometry induced separations are generally 
much more straightforward, and this is one of the 
reasons they were not only better studied, but also 
more frequently the subject of numerical analyses. 
Examples include the separation at the blunt leading 
edge of a flat plate or a cylinder, experimentally 
investigated by Cherry et al. (1984), Kiva and Sasaki 
(1983, 1985) and Sigurdson (1995); the backward-
facing step was the subject of investigations by 
Etheridge and Kemp (1978), Armaly et al. (1983), 
Kasagi and Matsunaga (1995) and Yoshioka et al. 
(2001). One of the earliest attempts to accurately 
simulate numerically the backward-facing step was 
the DNS work of Le et al. (1997). From the category 
of APG- induced separations, it is important to note 
the experimental work on separating diffuser flow of 
Yin and Yu (1993), Brunet et al. (1997). Numerical 
investigation of diffuser flows, both Reynolds-
Averaged Navier-Stokes (RANS) and Large-eddy 
Simulation (LES) have been performed by Durbin 
(1995), Iaccarino (2001), Wu et al. (2006) and 
Cherry et al. (2006). One of the better studied 
APG-induced separation case is the flow over 
airfoils, with perhaps the most notable series of 
articles of Simpson et al. (1981, 1985, 1989 and 
1996) and Shiloh et al. (1981). 

Flow separation is mostly an unwanted phe-
nomenon, due to its detrimental effects on the 
performance of engineering devices, for both 
internal and external flow cases. These include the 
increase of internal flows pressure losses, asymmetric 
and/or fluctuating velocity and pressure fields in 
diffusers, compressors, combustion chambers etc., 
drag increase on aerodynamic bodies, loss of lift for 
airfoils and wings, separation induced vibrations 
etc. The control of flow separation in engineering 
applications is largely limited to the application of 
forced boundary layer (B-L) flow transition from 
laminar to turbulent, which is a way to delay the B-L 
separation, and consequently improve the perfor-
mance (one classic example is the drag reduction 
of a dimpled golf ball). 

The objective of this report is to present a short 
description for the topology of a separating/ 
reattached flow, a set of detailed measurements of 
the flow over a backward step and to perform an 
analysis of the experimental data. 

The experiment has been conducted for a step 
height based Re number of approximately 84000. 

2. SHORT CONSIDERATIONS  
ON THE FLOW TOPOLOGY 

A separating/reattaching flow can be divided 
into four interacting zones. The zones are: the 
separated free shear layer, the recirculating region 
under the shear layer, the reattaching region and 
the attached/recovery region. Some of these flow 
regions bear some similarities to well-studied flow 
cases such as mixing layers and boundary layers, 
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while the reattaching and recirculating regions are 
unique to separated flows. 

To provide a short description of the topology 
of a separating/reattaching flow we selected the 
numerical simulation of Franck Delcayre for the 
turbulent flow over a backward step simulated using 
a LES model. One of the greatest advantages of the 
numerical simulations is the ability to visualize, 
probe, measure, record etc., any flow quantity in 
any point of the physical domain at any time step. 

Figure 1 presents a form of visualization of the 
turbulent structures, namely an iso-surface of the 
Q criterion. One can identify a conversion of the 
almost bi-dimensional transversal structures formed 
right after the step to the longitudinally developed 
structures towards the exit plane, with a transitional 
tri-dimensional region in between. Practically, one 
can distinguish a relatively isotropic structure of 
the flow in the recirculating region, followed by a 
region populated with locally axisymmetric struc-
tures. These axisymmetric structures are linked with 
the high intensity longitudinal structures which 
appear after the reattachment region. The visualiza-
tion reveals also the formation of the Λ vortices 
after the reattachment region. 

The Hunt criterion for coherent structures 
identification (1988) or the Q criterion: 

Hunt et al. defined a coherent structure on the 
basis of the second invariant of the term u, 

quantity that must be positive to have a coherent 
structure: 
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where ij and Sij represent the anti-symmetric and 
symmetric parts of  the deformation tensor ui /uj.  
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Physically, the regions where Q is positive are 
regions where the vorticity overcomes the shear 
stresses. 

As already stated, the separated flow is structured 
into several regions. The first one, which has a 
length of up to 2.5 H from the step face, corres-
ponds to the development of the Kelvin-Helmholtz 
instabilities and it is mainly bi-dimensional. It is 
followed by a region where the coherent structures 
are highly disturbed. This region stretches up to the 
reattachment point. One can identify here a wide 
dimensional variety of the coherent structures, with 
no dominant direction. Finally, after the reattachment 
point, the classic boundary layer starts to re-develop, 
with large structures visible and a periodical passage 
of the Λ structures through this region. 

 
 
 
 
 
 
 
 
 

Fig. 1. Iso-surfaces of the Q criterion in the flow 
over a backward facing step  

(Delcayre F. 1999. Reprinted by permission). 
 
 
 
 
 
 
 
 
 

3. EXPERIMENTAL STUDY OF THE FLOW 
OVER A BACKWARD-FACING STEP 

The experiment was conducted at the hydrody-
namic tunnel from the Laboratory of Geophysical 
and Industrial Flows – „Ecole Nationale Poly-
technique de Hydraulique et Mecanique” from 
Grenoble, France. The measurements domain and 

the velocity distribution at the inlet are illustrated 
in Figure 2.  

The laser Doppler anemometry method was 
used to determine the velocity field. 

Figure 3 illustrates the profiles of the measured 
mean axial velocities. The profiles are represented 
for all the three regions of the flow. It can be seen 
that the reattaching length is about 5H. 
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 Fig. 2. The measurement domain and the velocity distribution at the inlet. 
 

  
Fig. 3. The profiles of the mean axial velocity. 

 

 
Fig. 4. The profiles of the Reynolds stresses. 

An inflection point can be observed on the 
velocity profile at the outlet. This suggests that 
even at this distance from the step a classical 
profile of a boundary layer cannot yet be found. 
A well-known characteristic of the flow over a 
backward-facing step is the slow velocity field 
recovery after the reattachment region. 

Figure 4 presents the profiles of the Reynolds 
stresses. An analysis of these data reveals the 
existence of a maximum immediately after the step 
and the tendency of this quantity to maintain an 
almost constant value downstream. This is practically 
the proof of the re-development of a classical 
boundary layer after the step. 

4. CONCLUSIONS 

The results show that an internal shear layer, 
embedded in the inner part of the original boundary 
layer, emanates immediately from the step edge. 
This shear layer has many similarities with a plane 
mixing layer, but does not resemble exactly. 

The no-slip conditions imposed on the flow in 
the reattachment region further limit the growth of 
the mixing-layer-like flow, promoting a new internal 
boundary layer developing on the wall downstream 
of reattachment. The data show that the structure 
of the internal layer attains quasi-equilibrium, with 
the production and dissipation of turbulent kinetic 
energy approximately equal, after a distance of 
20H from the step. 
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