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ABSTRACT
This work analyzes the axisymmetric backward-facing

step flow at a Mach number of 0.7 and a Reynolds num-
ber of 106, based on the forebody’s diameter, in order to
achieve fundamental understanding of the separating and
reattaching flow and to generate a data basis for the val-
idation of numerical flow simulations. Due to the strong
progress of optical flow measurements in the last years it
was possible for the first time to resolve all flow scales down
to 180 µm (≈ 1% of the step height) with high precision. A
large ensemble, consisting of 21500 statistically indepen-
dent PIV image pairs, allows for the reliable and accurate
estimation of the mean velocity distribution as well as of the
Reynolds shear stress distribution on the plane of symme-
try. It was found that the ensemble-averaged flow reattaches
1.06 times the fore body’s diameter downstream of the point
of separation on the models rear sting. In the corner of the
primary recirculation region a secondary vortex with op-
posite mean circulation direction is generated on average.
The Reynolds shear stress distribution shows high intensity
within the developing shear layer as well as at the centre of
the primary recirculation region and develops a broad max-
imum at an axial location around the reattachment location.
The shear stress in the separated region was found to be
strongly influenced by small scale turbulent structures.

INTRODUCTION
The backward-facing step flow was extensively studied

experimentally and numerically (Eaton & Johnston, 1981;
Bradshaw & Wong, 1972). The geometry is rather sim-
ple the flow field however, is relatively complex, as illus-
trated in figure 1. The incoming turbulent boundary layer
developing along the forebody is forced to separate at the
sharp edge. As a result of a Kelvin-Helmholtz instabil-
ity tiny coherent vortices are generated in the first part of
the very thin shear layer. The vortices grow in size and
strength while travelling downstream. This causes, on av-
erage, a broadening of the shear layer with increasing dis-
tance from the point of separation and an amplification of
the turbulent fluctuations within this region. Due to the en-
hanced turbulent mixing the shear layer reattaches on the
sting. The mean flow field is characterized by a large re-
circulation region, which is separated from the outer re-
gion by the dividing streamline. The reattachment location
is not fixed in space and time due to the dynamic of co-
herent vortices. Some of the coherent shear layer vortices

Figure 1: Backward–facing step flow field.

move into the recirculation region, according to Chandra-
suda (1975) and McGuinness (1978) and they interact with
the next generation of shear layer vortices, if they survive
sufficiently long before they vanish due to viscosity. Due to
this feedback, the shear layer of a backward–facing step dif-
fers significantly from a free shear layer. Furthermore, the
vortices travelling upstream into the primary recirculation
region decay into smaller vortices due to secondary Kelvin-
Helmholtz instabilities, or they become larger and weaker
due to viscosity effects. Due to the increasing pressure with
decreasing distance from the step, the upward motion of the
fluid along the sting separates again. As a result, a sec-
ondary recirculation region is formed on average in the cor-
ner of the primary recirculation region with opposite sign of
vorticity.

Bradshaw & Wong (1972) as well as Eaton & John-
ston (1981) showed in their review papers, that for two–
dimensional flows around a backward–facing step the
stream–wise extension of the primary recirculation region
mainly depends on the step height and on the state of the
incoming boundary layer. The reattachment length is be-
tween 5 and 7 times the step height for a fully turbulent in-
coming flow state at the point of separation. This holds for
a Reynolds number range of Reh = 3000− 300000, based
on the step height. Eaton & Johnston (1981) found that the
first part of the separated shear layer is similar to a plane
mixing layer, since the dividing streamline is only slightly
curved and the shear layer is sufficiently thin to be unaf-
fected by the wall. The second half of the separated flow
region is characterized by a strongly curved shear layer, in-
dicated by the dividing streamline in figure 1. In this re-
gion the shear layer broadens and the Reynolds stresses in-
crease due to the aforementioned effects. Eaton & Johnston
(1981) compared several experiments on two–dimensional
models and concluded that the stream–wise location with
maximum stream–wise Reynolds stress and Reynolds shear
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stress is close to the reattachment location or slightly up-
stream. Whether or not the stresses in the shear layer are
even higher could not be answered so far due to the limited
spatial resolution of the measurement techniques applicable
to these kind of flows.

The early measurements presented in Bradshaw &
Wong (1972) and in Eaton & Johnston (1981) were per-
formed by point–like probes (LDA and hot–wire). Thus,
they reveal only profiles rather than spatial distributions of
the velocity and they are not able to detect instantaneous
flow structures. The technical problem associated with in-
trusive point–wise sensors, like hot-wire and Pitot probes,
is the fact that they disturb the flow of interest. There-
fore, optical sensors like the Laser Doppler Anemometer
(LDA) are in principle better suited because they are non–
intrusive. However, all point–wise sensors have the disad-
vantage that they must be traversed in order to determine
the global nature of the flow. This causes long measurement
times and requires extremely stable flow facilities and mea-
surement equipment. However, due to temperature changes
of the flow, probe vibration, uncertainty of the traversing
system, ... this is difficult to achieve in general. PIV, on the
other hand, allows to measure non–intrusively thousands of
two– or three–dimensional velocity fields within a few sec-
onds and without any traversing. Furthermore, vibrations of
the model or the measurement system can usually be com-
pensated with image precessing techniques Cierpka et al.
(2013).

This work presents planar PIV measurements of an ax-
isymmetric generic space launcher model’s wake. A large
data set, acquired at a free stream Mach number of 0.7 and a
Reynolds number of 1.02×106 (based on the model’s main
diameter), was evaluated (1) to compare the observations of
others achieved with different measurement techniques, (2)
to achieve a deep understanding of the flow physics in the
axisymmetric separating and reattaching flow and (3) to cre-
ate a data basis that can serve as reference for the validation
of new numerical methods. The Mach number of 0.7 was
selected since the mechanical loads for the main engine’s
nozzle in the case of a real space launcher, like ARIANE 5,
are strongest in the transonic regime from Ma ≈ 0.7 to 1.3.

MEASUREMENT SETUP
The measurements were performed in the Trisonic

Wind tunnel at the Bundeswehr University in Munich
(TWM). The model consists of a 36◦ cone with a spheri-
cal nose of R = 5mm, a cylindrical forebody with a length
of 164.3mm and a diameter of d = 54mm and a rear sting
(21.5mm in diameter) in the base of the cylinder, which
was used for mounting the model in the test section of the
wind tunnel (for details see Bitter et al. (2011)). For the
PIV measurements the flow was seeded with DEHS tracer
particles with a mean diameter of 1 µm, as described in
Kähler et al. (2002). Due to the limited run time of the
facility and the large number of recordings required for re-
liable data evaluation, a high–repetition rate PIV system,
consisting of a Quantronix Darwin Duo Nd:YLF double–
pulse laser with a wavelength of 527 nm, a pulse length of
tp ≈ 120 ns, and a puls energy of 11 mJ per cavity at 2 kHz,
was used. The illuminates particles were recorded by us-
ing a PhantomV 12 high repetition rate CMOS camera (by
Vision Research Inc). The recording rate was adjusted to
2000 image pairs per second. Since the vortex shedding
frequency is around 900Hz (Bitter et al., 2012), the images

Table 1: Overview of the measurement parameters.

Quantity Value

Mach number Ma 0.7

Reynolds number Red 1.02 ·106

Total pressure pt 1.5bar

Total temperature T∞ 264K

Model diameter d 54mm

Step height 0.301 ·d 16.25mm

are considered as uncorrelated, which is essential for the
computation of statistical values. A total number of 21500
PIV image pairs was acquired in four wind tunnel runs. The
recorded images are 1,280× 400px in size, corresponding
to a field of view of (1.75×0.5) · d2. The Mach number
was set to Ma = 0.7 and the Reynolds number to Red =
106 (related to the diameter d = 54mm). The most relevant
measurement parameters are summarized in Tab.1.

MEAN VELOCITY FIELD
Figure 2a shows the mean velocity field computed

from 21500 PIV image pairs using single–pixel ensemble–
correlation (Westerweel et al., 2004; Kähler et al., 2006).
According to the findings of Kähler et al. (2012), the spatial
resolution of the vector field is 180 µm = 0.003d. The main
flow direction is from left to right, parallel to the x− axis.
Entering the field of view from the left side at x/d =−0.25,
the mean flow features a fully developed turbulent bound-
ary layer state. At x/d = 0 the axisymmetric backward fac-
ing step causes a strong flow separation: Thereafter a thin
shear layer is formed at the end of the cylindrical forebody,
which broadens further downstream. At x/d = 1.06±0.03
the ensemble–averaged flow reattaches on the rear sting.
The stream–wise extension of the recirculation region cor-
responds to 3.52 times the step height, which is slightly
shorter than numerical predictions presented by Deck &
Thorigny (2007). The difference might be due to differ-
ences in the turbulence level of the boundary layer flow
along the model. Inside the dividing streamline a distinct
recirculation region develops, wherein the maximum mean
upstream velocity is ≈ 82 ms−1.

The streamlines of the mean wake flow in figure 2a
do not form closed loops but they bend inwards. This in-
dicates a small out–of–plane motion within the recircula-
tion region with a fluid drain centred at x/d ≈ 0.51 and
y/d ≈ 0.37. Although the images are only 1280× 400 px
in size, the single–pixel ensemble–correlation allows for
the resolution of a secondary vortex in the wake’s corner,
which is only ≈ 50 px= 0.08d in diameter. The divid-
ing streamline between the primary and secondary recircu-
lation regions starts on the rear sting at x/d ≈ 0.3 to re–
separate and impinges on the base of the cylindrical main
body at y/d ≈ 0.28. The stream lines of the secondary vor-
tex bend outwards, indicating a fluid source for the mean
motion centred at x/d ≈ 0.05 and y/d ≈ 0.23. In order to
clearly see the strong spatial changes of the mean velocity
distribution from figure 2a, figures 2b to 2f show charac-
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Figure 2: Mean velocity field and stream lines (a) of the generic space launcher model’s wake flow (Ma = 0.7,
Red = 1.02× 106) as well as profiles of the normalized horizontal mean velocity (b) at the end of the cylindrical
forebody, (c) shortly after separation, (d) at the center of the primary recirculation region, (e) at reattachment and
( f ) after reattachment.

teristic profiles of the horizontal velocity component. The
boundary layer upstream of the backward–facing step (fig-
ure 2b) strongly influences the wake flow topology (Brad-
shaw & Wong, 1972; Eaton & Johnston, 1981). The bound-
ary layer thickness and the free stream velocity were es-
timated to be δ99 = (0.120±0.005)d = (6.5±0.3) mm
and U∞ = (219.5±0.5) m s−1, respectively. According to
Bradshaw & Wong (1972), this backward–facing step can
be considered as a strong perturbation, since the incom-
ing boundary layer thickness is of the same order as the
step height, which is 0.301 · d. The displacement thick-
ness at x/d = −0.1 is δ1/d > 0.0106 and the momentum
thickness is δ2/d > 0.0091 leading to a shape factor of
H12 = δ1/δ2 ≈ 1.17. Thus, for the analyzed Mach and
Reynolds number combination the boundary layer at the
end of the main body is fully turbulent, as desired.

Figure 2c shows the estimated profile of the horizontal
velocity component in the shear layer shortly after separa-
tion at x/d = 0.05. The maximum shift vector gradient at
y/d = 0.5 is larger than ∂U/∂Y = 0.5 px px−1 on the im-
age plane (corresponding to ∂u/∂y ≈ 1.7× 105 s−1). The
strong change of the gradient in the radial direction could
only be measured reliably with single–pixel ensemble–
correlation. Window–correlation methods (red open cir-
cles) smear out the profile and underestimate the gradient,
as discussed in detail in Kähler et al. (2012). The profile
of the horizontal velocity component at the centre of the re-
circulation region is shown in figure 2d. It is characterized

by a large upstream component in the near wall region. The
profile at the location of reattachment (figure 2e) shows a
small gradient in the near–wall region and has a decreased
horizontal velocity component in the outer region. Down-
stream of reattachment, the profile starts to develop into a
turbulent boundary layer profile. The velocity profiles are
in qualitative agreement with results presented in the litera-
ture (Scarano et al., 1999; Deck & Thorigny, 2007; Schram
et al., 2004). But quantitatively there are significant dif-
ferences: The experimental results based on window cor-
relation evaluation methods results in reduced spatial res-
olution. As a result, the strong gradients in the incoming
boundary layer as well as in the free shear layer are strongly
underestimated by the other authors and therefore the re-
sults must be taken with care for the validation of numerical
flow simulations and physical analysis.

REYNOLDS SHEAR STRESS DISTRIBUTION
As the reattachment of the flow is associated with the

turbulent mixing in the shear layer, reliable measurements
of the turbulent properties of the flow are of fundamental
significance to predict the correct reattachment location by
using numerical methods. The Reynolds shear stress 〈u′v′〉
is an indicator of the turbulence production in the xy−plane
and is therefore an important parameter for the validation of
modern numerical flow simulations as well as for physical
interpretations of the flow.
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Figure 3: Reynolds shear stress distribution as well as profiles (b) shortly after separation, (c) at the center of the
primary recirculation region, (d) at reattachment and (e) after reattachment.

Two approaches for the estimation of the Reynolds
shear stress were applied: The first method computes in a
classical way the shear stress from an ensemble of velocity
fields:

〈
u′v′
〉
=

1
N

N

∑
n=1

(un−〈u〉)(vn−〈v〉) (1)

Where u and v are the axial and radial velocity compo-
nents and N and n are the total number of vector fields
and the corresponding control variable, respectively. Due
to the fact that each vector represents the mean motion
averaged over the interrogation–window size, the com-
puted Reynolds stress values are spatially low–pass filtered,
meaning that small turbulent structures (smaller than the
interrogation–window size) are weighted lower than large
ones.

To avoid these problems, a second method was devel-
oped which allows for the reliable estimation of Reynolds
stresses without spatial low–pass filtering, by analysing the
shape of ensemble averaged correlation functions. In this
case, the whole ensemble of PIV image pairs is used to
compute a map of correlation functions. The shape of
each correlation function contains the information about
the velocity’s probability density function (PDF) of the in–
plane velocity components (Adrian, 1988), from which the
Reynolds stresses are computed as follows:

〈
u′v′
〉
=
∫

PDFu′v′ dudv (2)

The evaluation procedure was developed by the authors and
is discussed in detail in Scharnowski et al. (2012).

Figure 3 shows the Reynolds shear stress distribution.
While figure 3a illustrates only the results of the second
method, figures 3b –3e compare results of the window–
correlation (vector based) and sum–of–correlation (PDF
based) approach.

A significant difference between the intensity of the es-
timated shear stress with the two methods is observed. Fur-
thermore, the shape of the stress distribution differs: The
window–correlation approach is not suited for the detection
of the first part of the shear layer (see figure 3b), indicating
that the shear stress here is dominated by small turbulent
structures. The maximum position is around x/d ≈ 0.9 in
the case of window–correlation and around x/d ≈ 1.1 for
the sum–of–correlation approach, which includes the effect
of small flow structures. The line plot at the center of the
primary recirculation region in figure 3c shows two max-
ima in the case of sum–of–correlation function analysis,
which correspond to the oscillating shear layer and to the
breathing recirculation region. The stress estimation based
on window–correlation cannot resolve this valley, which in-
dicates the need for the approach applied here. It should
also be noted that numerical simulations which are vali-
dated based on the classical PIV results would not be able
to predict correct results as the physical model would be
wrongly calibrated.

Figures 3c and 3d show a steep slope at the upper bor-
der of the shear layer for the sum–of–correlation approach,
whereas this border is much smoother for the window–
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correlation results. Additionally, the absolute value of the
shear stress is larger in this region in the case of window–
correlation. This fact indicates that the shear stress pro-
duced by larger vortices is partly cancelled by small ones.

CONCLUSIONS
Due to improved PIV evaluation methods it was possi-

ble to estimate turbulence statistics without spatial low–pass
filtering at a Mach number of 0.7 and at a Reynolds number
of 1.02×106 within the TWM facility. The mean flow field
of the axisymmetric backward–facing step features a recir-
culation region that extends more than one model diame-
ter in the axial direction. The shear layer reattaches on the
model’s rear sting at x/d = 1.06. The reattachment length is
slightly shorter than predicted by numerical results at sim-
ilar flow conditions (Deck & Thorigny, 2007). The motion
of the separated shear layer causes an increase in the veloc-
ity fluctuations and thus in the Reynolds stress level. The
combination of two approaches for estimating the Reynolds
shear stresses revealed the contribution of turbulent struc-
tures with respect to their size. The use of both methods
revealed the significance of small scale structures for the
Reynolds stress distribution in the separated region. It was
found that the first part of the shear layer is dominated by
small structures, which cause significantly different shaped
stress distributions. Furthermore, a distinct valley in the
stress distributions was found between the shear layer and
the primary recirculation region. Thus, it can be concluded
that the application of sophisticated PIV evaluation methods
is essential for the reliable estimation of flow statistics, such
as the mean velocity field and the Reynolds stress distribu-
tion. In order to investigate the source of the differences
between experimental results and numerical predictions it
seems necessary to further increase the spatial resolution for
the PIV experiments. Since the current resolution is limited
by the vibration of the model
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