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ABSTRACT

This work analyzes a backward-facing step flow and
its sensitivity to disturbances at a Mach number & é&nd
a Reynolds number of.& x 10°, based on the step height
h=7.5mm and the free-stream velocity, = 255m/s. It
focuses on the temporal and spatial variation of the reat-
tachment length of a two-dimensional model with the aim
to reduce and stabalize the reattachment length by means
of passive flow control devises. In order to analyze the
shape and dynamics of the recirculation region, the flow
field in the plane of symmetry as well as in a spanwise
plane slightly above the reattaching surface were measured
with Particle Image Velocimetry (PIV). The mean flow reat-
tachesx 6.2 times the step height downstream of the step.
It is shown that this value changes with time as much as
+3 step heights. Horizontal measurements indicate that the
strong variations of the reattachment length over the span-
wise direction are associated with large—scale coherent flow
structures with a dominant spanwise wave-length=df.6
step heights. It is demonstrated the artificial generation of
similar large—scale structures using circular lobes reduces
the reattachment length by more than 50%. This is an im-
portant finding for flow control applications in aeronautics.

INTRODUCTION

The Backward-facing step flow has been studied ex-
tensively experimentally and numerically (Eaton & John-
ston, 1981; Bradshaw & Wong, 1972). Figure 1 summarizes
qualitatively the main features of the mean flow field. The
incoming boundary layer developing along the forebody is
forced to separate at the sharp edge of the step. As a result
of Kelvin-Helmholtz instabilities, tiny spanwise vortices are
generated in the first part of the very thin shear layer. The
vortices grow in size while convecting downstream. Ac-
cording to Simpson (1989), the spanwise coherence starts
to break down after 3 step heights due to secondary insta-
bilities and strong non-linear interactions. This on aver-
age causes an increased broadening of the shear layer with
increasing distance from the point of separation. Due to
the enhanced turbulent mixing, high momentum zones are
transported towards the wall, causing the shear layer to reat-
tach on the splitter plate. The mean flow field is character-
ized by a large recirculation region and an outer flow region
separated up by a dividing streamline. The reattachment lo-
cation is not fixed in space and time due to the dynamics of
turbulent structures.
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Figure * Backward—facing step mean flow field.

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
streamwise extension of the primary recirculation region
mainly depends on the step heightand the state of the
incoming boundary layer. The reattachment length is be-
tween 5 to 7h for a fully turbulent incoming flow state at
the point of separation. This holds for a Reynolds number
range of Rg = 3000— 300000. Simpson (1989) showed
in his review paper, that the instantaneous impingement lo-
cation of the shear layer moves up- and downstream by
as much ast2h. According to Driveret al. (1987), the
non-dimensional frequency of this motion fs X /Ue ~
0.6 —0.8. In this paper two questions will be addressed:
(1) Are the fluctuations of the reattachment line caused by
large-scale coherent flow structures? (2) If so, can the reat-
tachment line be stabilized and its distance from the step
reduced by generating artificial large—scale flow structures
using circular lobes?

Therefore, planar PIV measurements of a two—
dimensional backward-facing step at a free stream Mach
number of 08 and a Reynolds number of8lx 10°, based
on the step height = 7.5mm and the free-stream velocity
U = 255m/s were performed. The transonic Mach num-
ber was chosen because of its importance for aeronautical
applications in this regime.

MEASUREMENT SETUP

The measurements were performed in the Trisonic
Wind tunnel at the Bundeswehr University in Munich
(TWM). The TWM facility is a blow-down type wind tun-
nel with a 300 mmx 675 mm (wx h) test section, with
a stable operating range of Mach numbers from 0.2 to 3.0.
It has two tanks that can be pressurized up to 20 bar above
ambient pressure, holding a total volume of 358 ahdry



air. To control the Reynolds number, the total pressure in
the test section is varied between 1.2 to 5 bar. The facility is
discussed in detail in Bittest al. (2011). The total pressure

RESULTS AND DISCUSSION
Vertical plane
The evaluation of the vertical plane of symmetry re-

and the total temperature for the discussed measurements yealed the known strong fluctuations in the recirculation re-

werepg = 1.73bar andly = 285K, respectively.

For the PIV experiments a quasi-2D model is being
utilized, as sketched in Figure 2. The model spans across
the entire test section (300 mm) and is symmetric about its
horizontal plane. It features a 150 mm long nose followed
by 100 mm long main body and a 125 mm long splitter
plate. The nose’s design and its smooth connection to the
main body ensure a shock free flow around the model at
Mach 0.8. The thickness of the model’s main part is 25 mm
and the step height between main body and splitter plate is
7.5 mm. Thus, the area aspect ratio for the sudden step is
1:1.02. A ratio of 1:40 was achieved for step height to step
width, which ensures that the wind tunnel side walls did not
affect the recirculation region (Eaton & Johnston, 1981).

Figure 2 Sketch of the model and the fields of view
(FOV).

The flow was seeded with Di-Ethyl-Hexyl-Sebacat
(DEHS) tracer particles with a mean diameter qirh, as
described by Khleret al. (2002). Planar measurements
were performed in two fields of view (FOV): in the verti-
cal plane of symmetry and in a spanwise plane just above
the reattaching surface. The particles in the desired plane
were illuminated by a laser light sheet. In order to analyze
the wake flow in detail, 4000 and 2000 PIV double images,
2560x 2160pixel in size, were recorded at statistically in-
dependent time steps for the vertical and horizontal planes,
respectively. The time between the double images was set to
2us, corresponding to 15 pixel particle images shift at free
stream velocity, in order to avoid bias errors due to curved
streamlines (Scharnowski & ahler, 2013). For the data
evaluation iterative window correlation including image de-
formation and Gaussian window weighting was applied.
The final interrogation-window size was set to>166 pixel
with an overlap of 50%, leading to a vector grid spacing of
250um (or 3.3% of the step height). In a post-processing
step vectors that differ by more than two times the standard
deviation of their neighbors from the median of the neigh-
bors (for each component) were replaced with the median
value of the neighbors in order to reject outliers.

gion. Figure 3 illustrates two snap shots showing extreme
cases with weak (top) and very strong (middle) back flow.
In the case of weak back flow the wake is characterized by
a large region with low momentum. Several spots with re-
versed flow can be found close to the splitter plate between
x/h =2 and 6. The back flow velocity reaches values up to
U/U ~ —0.2. In contrast, for the case of strong back flow,
the wake region features a large region with reversed flow
betweenx/h = 2 and 6 in which the back flow velocities
reach values up ta/u, < —0.5. Among the 4000 mea-
sured velocity fields, the back flow regions’ size and the
maximum upstream velocity lies in between the two cases
from Figure 3 for most instantaneous distributions. Fig-
ure 3 on the bottom shows the mean flow field computed
with single-pixel evaluation to achieve improved resolution
(Kahleret al., 2006, 2012). The averaged flow field is char-
acterized by a large recirculation region with a maximum
upstream mean velocity @f/u, =~ —0.2. In the corner of
the step a secondary recirculation region with opposite ro-
tation direction was resolved. The mean velocity distribu-
tion is similar to those of low Reynolds number flows over
backward-facing steps.

In order to analyze the dynamics of the recirculation
region statistically, the back flow ratio with respect to the
streamwise location computed from all 4000 instantaneous
flow fields is shown in Figure 4 for different heights over the
splitter plate. The figure shows that the strongest back flow
is ata height of/h~ 0.1, reaching 96% at/h~ 2.7. In the
secondary recirculation region the back flow ratio reaches a
minimum of~ 22% atx/h~ 0.3, and rises again further up-
stream. The back flow distributionszth = 0.3 and 0.5 are
characterized by a lower maximum that is shifted upstream.

1
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Figure 3 Two extreme cases of the instantaneous
streamwise velocity distribution with weak (top) and

strong (middle) back flow and the mean velocity dis-
tribution (bottom).
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Figure 4 Back flow ratio in the recirculation region
for different heights over the splitter plate.
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Figure 5 Histogram of the streamwise velocity at a
wall distance ofz/h = 0.1 for three streamwise loca-
tions: minimum back flow, maximum back flow, and
mean reattachment.

The presented near-wall back flow differs from the results
presented by Tihost al. (2001) for Reynolds numbers up
to Rg, = 4800. For their experiments the back flow ratio is
< 3% in the secondary recirculation region with a minimum
of 0% and reaches 100% in the center of the primary recir-
culation region. From this differences it can be concluded
that the low Reynolds number case (Tihatral., 2001) fea-
tures a rather stable combination of primary and secondary
recirculation region while the high Reynolds number case
(present) does not. Meaning that in any location inside
the recirculation region the fluid motion can be upstream
or downstream since the back flow ratio does not reach 0%
or 100%, according to Figure 4.

The mean reattachment location is an important param-
eter of backward-facing step flow. From the most near-wall
graph atz/h = 0.02 the mean reattachment location is de-
duced from the back flow ratio of 0.5 to Be/h~ 6.2. The
mean reattachment location is within the range of other 2D
experiments (Bradshaw & Wong (1972); Eaton & Johnston
(1981)) and it is shifted downstream compared to the ax-
isymmetric case (Scharnowski &&kler (2015); Deck &
Thorigny (2007)). It is important to note that for this graph
the probability of having back flow does not drop to zero
until x/h = 9, which was the end of the measurement area.
Thus, regions with recirculating fluid can be found as far
downstream ag/h = 9. For the location of maximum back
flow ratio, x/h = 2.7, the probability distribution of the
streamwise velocity in Figure 5 shows a broad peak. The ve-
locity varies between/u, = —0.55 < andu/uc = +0.15

and has its maximum ai/u. =~ —0.2. Thus, for some snap
shots the streamwise velocity is positivexgh = 2.7 while

for others it is negative at/h = 9. Such strong variations
of the recirculation region have not been reported for ex-
periments at low Mach numbers or in incompressible flow
(Simpson, 1989; Adams & Johnston, 1988). In the sec-
ondary recirculation region af h = 0.3 the streamwise ve-
locity varies between/u., = —0.12 < andu/u. = +0.14,
according to Figure 5. At the mean reattachment location
x/h = 6.2 the highest probability is at= 0m/s. However,
the probability distribution has roughly the same width as
for the x/h = 2.7. The shape of the distribution at mean
reattachment is slightly skewed towards positive velocities.

Horizontal plane

To examine if the large variations of the reattachment
location is associated with large—scale coherent flow struc-
tures measurements were performed in a horizontal plane.
The PIV investigation of the flow field on the vertical plane
of symmetry (FOV 1 in Figure 2) shows that the variation
of the reattachment line is associated with large—scale flow
structures. In order to analyze the spanwise extension of
the flow features from Figure 3, a horizontal plane above
the splitter plate at/h ~ 0.25 was investigated. Figure 6 il-
lustrates a characteristic snap shot of the horizontal velocity
component for FOV 2 (compare Figure 2). In the vicinity
of the reattachment location a coherent pattern of elongated
finger—like turbulent flow structures is visible. The varia-
tion of the recirculation region from Figure 3 can now also
be deduced from a single instantaneous horizontal velocity
field. Thus, the variation of the recirculation region’s size
is caused by large—scale spatial fluctuations, which change
over time and which seem to have a certain span-wise ex-
tend and periodicity.

Figure 6 Instantaneous distribution of the stream-
wise velocity component in the vicinity of the splitter
plate’s surfacez/h ~ 0.25).
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Figure 7 Power spectral density of the the stream-
wise velocity fluctuations in the vicinity of the splitter
plate’s surfacez/h ~ 0.25) along the spanwise direc-
tion for different streamwise locations with respect to
the wave length (inverse spatial frequency).

The size distribution was estimated by computing the
power spectral density of the velocity fluctuations along the
spanwise direction using the method of Welch (1967). The
size of the structures is then given by the wave length of
the corresponding spatial frequencies. The spectral ampli-
tude over the wavelength is illustrated in Figure 7 for
5 different streamwise locations, ranging frogth = 0.3
to x/h = 85. The graphs are averaged over 2000 veloc-
ity fields. At the mean reattachment location as well as
further upstreamx/h = 2.7 — 6.2) the distribution features
a distinct maximum at aroundy/h = 2, corresponding
to a structure size oAy ~ 2-h. Furthermore, it can be
seen that the maximum of the different graphs in Figure
7 shifts towards slightly larger structures for locations be-
fore (¢ /h = 0.3 and 27) and after % /h = 8.5) the mean
reattachment compared to the peak close to reattachment
(% /h=6.2). At x /h= 8.5 these small structures are less
dominant. From the figure it is evident that large—scale co-
herent flow structures exist in the analyzed flow and domi-
nate its dynamics.

To investigate the shape and size of the coherent flow
structures in more detail, the two point correlation function
was calculated from the instantaneous velocity fields. For
the velocity component, the two-point correlation coeffi-
cient is defined as

_ IN1Uh (%0,Y0) - Uh (%,Y)
Ou (X0, Yo) Ou (X,Y)

Ruu (X0, Yo, %,Y) 1)

whereN is the total number of vector fields,is the cor-
responding control variabley, = u, — (u) is the velocity
fluctuation component, ang, is the velocitys standard de-
viation. An ensemble of PIV vector fields allows for the
correlation of the point of interegio,yp) with all points
within the field of view(x,y).

Figure 8 shows the spatial distribution of the two-point
correlation coefficien® of the streamwise velocity. Since
theRyy distribution is rather independent from the spanwise
location for the investigated geometry, the results in Figure
8 were averaged overl.5 < y/h < 1.5 to enhance the con-
trast. It can be seen from the figure that large coherent struc-
tures develop in the separated region in accordance with
Figure 6. The region of positive correlation is stretched in
the streamwise direction similar to the finger—like structures
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Figure 8 Two point correlation of the streamwise ve-
locity for different streamwise locations. Contour
lines are indicating the-5% level.

from Figure 6. Furthermore, inside the recirculation region
(x/h < 6.2) the positive correlation dRy, is accompanied

by regions of negative correlation. Thus, coherent structures
with different velocities are well organized in span-wise di-
rection. The streamwise extension of the regions with posi-
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Figure 9 Streamwise coherence lendth and dis-
tance between minimla, extracted fronRy,,.

tive correlationLy is plotted in Figure 9 with respect to the
streamwise location, whelg, is the streamwise distance
from the correlation maximum to the location with 5% cor-
relation value. Structures withy/h > 5 exist in the first
part of the shear layer as well as close to reattachment. Fig-
ure 9 also shows the distance between the minima in the two
negative correlation regions. This distance is largest within
the secondary recirculation region where the negative cor-
relation also is strongest. The estimated structure size from
the power spectral density in Figure 7 matches well with the
two point correlation results. Downstream of reattachment
(atx/h = 8) larger spanwise structures with weak correla-
tion are detected.

Reduced recirculation region

To study the sensitivity of the reattachment length with
respect to coherent flow structures, artificial structures were
generated using vortex generators with different amplitude
and wavelength. Isomoto & Honami (1989) showed that the
reattachment length can be controlled by means of spanwise
vortex generators: They were able to reduce the reattach-
ment length by up to 25% by increasing the turbulence in
the incoming boundary layer via spanwise cavities or rods.

As the wake flow is dominated by finger—like large—
scale coherent flow structures according to the previous sec-
tion, it was the aim of the study to examine the effect of ar-
tificial finger—like structures, which are even more coherent
than the natural ones, on the reattachment length and dy-
namics. Therefore, circular lobes of different shapes have
been used (Waitet al., 1997). The Lobes consist of al-

Figure 10 Sketch of the wavy trailing edge: So-called
circular lobes are used to enhance shear layer mixing.
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Figure 11 Instantaneous distribution of the stream-
wise velocity component &/h ~ 0.7 in the wake of

a backward-facing step with passive flow control via
circular lobes which match the periodicity of natural
coherent structures.

ternating valleys and peaks with a slope418> with re-
spect to thex—axis, see Figure 10. The periodicity was set
to 1.6hin order match the spanwise structure digeSince

the shape of the lobes is circular the step’s edge is modu-
lated with an amplitude of-0.4h. With this approach the
wake flow is highly ordered unti/h ~ 3 in spanwise di-
rection, as shown in Figure 11. In the valleys of the lobes
the flow is accelerated while behind the peaks recircula-
tion occurs. Upstream and downstream flowing regions ex-
ist side by side and their pattern is now fixed due to the
lobes at the step. This results in coherent structures with a
preferred size, as illustrated in the spectrum in Figure 12.
The lobes generate streamwise aligned vortices which en-
hance the momentum transfer between the finger—like struc-
tures of the wake and in wall-normal direction. In effect
the shear layer is subject to strong mixing and broadens
rapidly. As a result it reattaches much earlier than for the
clean case. This can be seen in Figure 13 which shows the
streamwise mean velocity distribution in a vertical plane at
alobe’s peak. The streamlines in the figure indicate a strong
three—dimensional mean flow topology: The plane at the
lobe’s peak shows a fluid source in the vicinity of the split-
ter plate arouna/h = 1.5 and a fluid drain close to the step
atx/h= 0.2 andy/h~ 0.8. On the one hand, the fluid flow-
ing through the valleys reattaches very earlykgt ~ 1.0

(not shown in the figure) and is than transported in span-
wise direction towards the wake of the peaks. On the other
hand, the fluid behind the peaks is pushed outwards in the
drain indicated by the inwards bending streamlines close to
the step. In the mean flow field the reattachment occurs be-
tweenx/h = 1 andx/h = 2 depending on the spanmwise
location and the recirculation region extendsxft ~ 2.5
behind the lobe’s peaks. In comparison with the clean case
of the backward-facing step (Figure 3) an enormous reduc-
tion of the recirculation region was achieved by stabilizing
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Figure 12 Power spectral density of the the stream-
wise velocity fluctuations a/h ~ 0.7 along the span-
wise direction for different streamwise locations with
respect to the wave length (inverse spatial frequency)
for the wavy edge of the step.
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Figure 13 Backward-facing step flow with reduced
recirculation region due to a wavy trailing edge of the
step.

and mixing the natural structures with passive flow control.

CONCLUSIONS
It was shown that the finger—like large—scale coher-
ent flow structures exist in the turbulent wake behind a

dations for the design of thermally and mechanically highly
loaded components of future space transportation systems—
is gratefully acknowledged by the authors.
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