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ABSTRACT

The purpose of this experimental study is to analyze the ef-
fects of a driven separation near the trailing edge of a splitter-
plate on the development of a turbulent mixing layer. The
separation is driven by a steady pneumatic injection, and is
considered here as an actuator for controlling the mixing ef-
ficiency of the mixing layer. Particle image velocimetry and
hot wire measurements are performed for the natural and the
manipulated regimes. The results highlight the hyper-mixing
capabilities of the control strategy. Analyses of the turbu-
lent field and coherent structures organization give essential
information about the mechanisms responsible for the mixing
enhancement.

INTRODUCTION

As reviewed widely by Fielder (1998) and Gutmark et al.
(1995), shear layer control is a key topic for many industrial
applications. This study deals with a new mixing enhance-
ment technique. The patented concept is based on a flow
regime close to boundary layer separation on a beveled splitter
plate (Fig. 1). The flow is naturally attached on the bevel. A
perturbation is imposed upstream of the bevel which induces
a separation of the flow over it. The separation itself can be
controlled by many ways, e.g. by using a corona effect (Laber-
gue et al., 2004) or by using a pneumatic injection normal to
the wall (Mathis et al. 2004). This latter device is used in the
present study. Previous studies have shown that this strategy
leads to a consistent mixing enhancement (Mathis et al. 2004).
This actuator generates a recirculation bubble near the split-
ter plate trailing edge, which increases the turbulent activity
and the three dimensionality of the flow. This perturbation,
as appearing at the location of maximum receptivity of the
mixing layer, has a large effect on the downstream evolution
of the flow. Thus, the mixing layer spreading rate is found to
be doubled in the manipulated regime, even far downstream
of the splitter plate. The aim of the present study is to explore
the turbulent balance and coherent structures organization in
this manipulated mixing layer, for a better understanding of
the way the mixing enhancement is achieved. We focus here
on an area downstream of the trailing edge that extends over
less than 4 times the bevel length.

EXPERIMENTAL SETUP

The experiments are carried out in a subsonic closed loop
wind tunnel on a plane air/air mixing layer. The settling
chamber is divided by a plate into two parts, of different head
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Figure 1: Control concept.
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Figure 2: Experimental setup.

losses in order to generate two different velocities. Sand paper
is glued on each side of the splitter-plate in order to generate
fully turbulent boundary layers. The test section is squared
300x300 mm? and 2 m long. The plane mixing layer has a
velocity ratio r = Uz /Uy = 0.66, with a high-velocity U; = 33
m/s. The low-velocity is Uz = 22 m/s. The boundary layers
thicknesses dgg upstream of the bevel are 6.75 mm (H = 1.49)
and 6.45 mm (H = 1.43) for the high- and low-speed sides,
respectively. The velocity difference, AU = U; — Uz, is used



for data normalization: u* = (u—Us2)/AU. The splitter-plate
is thick, h = 19 mm, and its trailing edge is beveled with
a half angle o = 129, so that the flow is naturally attached
but close to separation. The Reynolds number based on the
shear velocity AU and the thickness of the splitter-plate h is
Re = 13, 700.

The separation is driven on the high-speed side of the
bevel, by a forcing steady jet blowing at the velocity Uy
through a rectangular slot (L; x ey =40 x 0.7 mm?) located
at the beginning of the bevel (Fig. 2). The velocity ratio
between the forcing jet and the high-speed free stream is
Us/Uy = 0.75. Direct axis (z,y,2) are used, where the
origin is located at the trailing edge in the median plane
of the slot, corresponding to the velocity components (u, v, w).

The measurements are performed by several means:

e Hot-wire and Pitot-static pressure measurements are
used in a preliminary study.

e Particle Image Velocimetry (PIV) measurements are per-
formed with a LAVISION system with a Nd-YAG laser
(30 mJ) and 12 bits CCD cameras. The seeding is ob-
tained from pulverised olive oil particles. Two arrange-
ments are used. Firstly, a 2-components PIV (PIV1) is
performed in the (z,y, z = 0) plane (Fig. 2) that aims at
analysing the flow characteristics near the bevel, where
450 instantaneous (u, v) velocity fields are collected. Sec-
ondly, a stereo PIV (PIV2) is performed in (y, z) planes
located at various downstream locations (z/L, = 0.1, 1,
2, 3 & 4) (Fig. 2). For this experiment, 1000 instanta-
neous (u,v,w) velocity fields are collected. The sample
size retained for each PIV experiment has been chosen
to ensure convergence of the statistics for the average
velocity, longitudinal vorticity and Reynolds stresses.

RESULTS

Natural mixing layer

The mixing layer in the natural case has a self similar be-
haviour starting at /Ly, = 9 (see Fig. 3). From this point, the
mixing layer develops in the same way as a classical mixing
layer. Its spreading rate is close to the one observed by many
authors (e.g. Pope, 2000). The initial region corresponds to
a wake effect, reinforced by the non parallel character of the
flows arising at the trailing edge. The Reynolds stresses dis-
tribution and levels are found in agreement with conventional
results.

Mean velocity field

A local characteristic thickness of the mixing layer b(x, z) is
defined corresponding to yo.9 —yo0.1, where yo.9 and yo.1 corre-
spond to u*(yo.9) = 0.9 and w*(yo.1) = 0.1, respectively. An
average spreading rate db(x)/dx of the controlled mixing layer

can be defined, where b(z) = __LLj//; b(z, z)dz and where L,
is the spanwise extend on which the perturbation is observable
(see Fig. 5). The longitudinal distribution of b(x) is plotted
compared to the natural case in Fig. 3. A very large increase
of the spreading rate is created by the separation (about 2

times the natural one). It is also observed that the mixing
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Figure 3: Streamwise evolution of the spreading rate db/dx
(Pitot tube measurements).
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Figure 4: Mean streamwise velocity u* and streamlines in
the vicinity of the boundary layer separation, (z = 0) plane
(PIV1).

Figure 5: Mean streamwise velocity @* downstream of the
boundary layer separation (PIV2).

layer develops linearly earlier than the natural case: the lin-
ear development starts at /L, = 2 in the manipulated case.

The mean streamwise velocity field obtained very close to
the trailing edge from the PIV1 measurements is shown in
Fig. 4. The boundary layer separation, characterized by a re-
circulation bubble, appears clearly on the bevel. This effect
can also be retrieved on the surface flow visualisation by traces
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Figure 7: Streamwise vorticity, w, downstream of the bound-
ary layer separation (PIV2).

going upstream for z = 0 (Fig. 6). The separation is followed
by a strong wake effect visible in Fig. 4 and 5 as illustrated
by negative values of u*. Downstream of the trailing edge,
streamlines are deflected toward the high velocity side.
deed, it is remarkable that the maximum velocity deflect of the
downstream velocity profile ©w*(y) is found to be centered at
y/Ly = 0.15, i.e. right downstream of the recirculation bubble.
Moreover, the mean streamwise velocity field obtained by the
PIV2 measurements shows a three-dimensional deformation
of the w*-velocity field (Fig. 5). This could indicate that the
mixing enhancement is mainly generated by three-dimensional
mechanisms. For this reason, the study is focused on the near
region of the trailing edge where the phenomena responsible
of the mixing seem to occur.

In-

The corresponding mean streamwise vorticity data ob-
tained by PIV2 is shown in Fig. 7. A strong streamwise
vorticity concentration is produced on both sides of the sepa-
ration region at z/L;, = £0.5, where a pair of counter rotating
vortices clearly appear. The two structures develop in parallel
downstream with a small shift toward the high-speed side of
the mixing layer. These vortices are probably due to the fact
that the separation is limited in the spanwise direction. In-
deed, Fig. 6 shows a surface visualisation on the bevel, where
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two counter-rotating structures appear on both sides of the
boundary layer separation. Furthermore, the closed traces
pattern leads us to think that a vertical vorticity wy coexists
with the streamwise vorticity wg.

These 3D aspects are close to those obtained by “delta-
tabs”. Indeed, Foss and Zaman (1999) have shown similar
effects with a “delta-tabs” placed on the high-speed side on
the trailing edge. However, in their case no wake appears,
whereas in our case the wake is generated by the separation
over the bevel: there is a complex interaction between the
wake and the streamwise vorticity induced by the boundary
layer separation. On the other hand, the boundary layer sep-
aration is quite efficient as it produces hyper-mixing (b x 2),
which has not been observed in precedent studies for pneu-
matic mixing enhancement devices (see for example the work
of Collin et al., 2004). In other words, we take benefit of the
amplification effect due to the flow configuration which is at
the verge of the separation.

Reynolds stresses

Reynolds stress fields obtained by PIV and normalized by
AU? have been studied. Each component is strongly increased
compared to the level obtained in the natural mixing layer.
For example, the turbulent kinetic energy k£ and the Reynolds
shear stress u/v’ are plotted in Fig. 8 and 9, respectively.
The higher levels observed at the first measurement location
(z/Lyp = 0.1) are more than 15 times stronger than those in the
natural case. The Reynolds stresses decrease with the down-
stream location, without any significant spanwise diffusion.
Fig. 10 shows the streamwise evolution of the maximum value
of k and the minimum value of u/v’ obtained in the median
plane z/L,=0. The strong difference of level appears clearly
near the trailing edge between the natural (dashed line) and
the manipulated case (solid line). Downstream the diffusion
of kmaz and u'v’ 4y, is observed, corresponding to an expo-
nential decrease towards the natural state.

On the (z,y) plane representation of the u/v’/, shown in
Fig. 11, a maximum localised just downstream of the bound-
ary layer separation is observed, in the wake region (cf Fig. 4).
The same result is found on the turbulent kinetic energy k,
which leads to interpret that the high level of the Reynolds
stress components are responsible for the hyper-mixing ob-
served in Fig. 3. On the other hand, this could indicate that
the production of turbulent shear stress is generated by an un-
steady behaviour downstream of the separation, and not only
by the wake itself. An overview of the coherent structures in
this region of the flow is given in the next section.

For a better understanding of the phenomena, a compari-
son between the u/v’ and the 0u/dy profiles in the wake region
(z/Ly = 0.1) is given in Fig. 12. Although the du/dy profile is
clearly asymmetrical, the u/v’ profile is strongly unbalanced.
Strong values of the turbulent shear stress are found only in
the high-speed part of the wake-shear layer. The differences
between the u/v’ and the 0u/dy profiles make Boussinesq clo-
sure model incompatible with this flow configuration. The
profiles given in Fig. 12 also show that the production term
(u’v" du/dy) is strongly unbalanced too. Turbulent produc-
tion occurs mainly downstream the boundary layer separation,
only in the high-speed side of the wake-shear layer. It
should be noted that the negative values of du/dy are also
partly due to the local change in the flow direction (see stream-
lines in Fig. 11), which does not produce turbulence.

i.e.
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Figure 8: Turbulent kinetic energy k/AU? downstream of the
boundary layer separation (PIV2).
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Figure 9: Cross-component u/v'/AU? downstream of the

boundary layer separation (PIV2).
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Figure 10: Streamwise evolution of the kmaz/AU? and
WV pin /AU? for the k(y)-profile and u/v’(y)-profile in the
median plane z/Ly 0 (-x- is the reference of the uncon-
trolled data) (PIV2).
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Figure 11: Cross-component u/v' /AU? and streamlines in the
vicinity of the boundary layer separation (PIV1).
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Figure 12: Profile of u/v/ and —du/dy in the middle plane of
the mixing layer, in the wake region (x/L; = 0.1, z/L; = 0)
(PIV1).

The other components of the Reynolds stress tensor de-
pict the complex 3D effects occurring in the mixing layer.
Among these components, a production of u/w’ and v'w’ is
noticed (Fig. 13 and 14), which is characteristic of the three-
dimensional organization of the flow induced by the vortices
structures. In fact, the flow is an interaction of two wakes:
a “vertical wake” (0u/0y < 0) similar to the one created
by an horizontal blunt trailing edge, and a “spanwise wake”
(0u/dz # 0) similar to the one created by a vertical bluff
body introduced in free stream flow. Furthermore both wakes
are coupled with the mixing layer which develops downstream.
Then, the u/w’ production is mainly induced by the “spanwise
wake”, whereas the v’ is mainly induced by the “vertical
wake”. It is also noticed that the minimum and maximum
location of u/w’ are right downstream both sides of the separa-
tion region on the bevel which is characterized by a du/9z = 0
on the traces (Fig. 6).

Flow organization

A Proper Orthogonal Decomposition (POD) (Lumley,
1967, Sirovich, 1987) has been performed on the PIV1 fields.
A snapshot-POD is used (Sirovich, 1987) to filter the (u,v)-
velocity field: a partial reconstruction of these fields is per-
formed to take into account the modes #1 to 17 which repre-
sent 75% of the velocity field energy (among the 450 POD
modes necessary to obtain 100% energy). This has been
performed on 6 velocity field samples. Fig. 15 shows such
reconstructions. Firstly, the separation does not consist of a
steady recirculation bubble. Secondly, it is observed that the
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Figure 13: Cross-component u/w’/AU? downstream of the
boundary layer separation (PIV2).

Figure 14: Cross-component v/w’/AU? downstream of the
boundary layer separation (PIV2).

large scale structures are produced in the wake region. These
structures interact with the mixing layer just downstream of
the separation. This may be linked to the strong Reynolds
stresses production in this region of the flow.

Furthermore, a movement at the trailing edge of the low-
speed flow toward the separation bubble is observed on some
(u, v)-velocity fields. This results confirms the flow communi-
cation between the two sides of the trailing edge that has been
already observed in preliminary studies (cotton tufts glued on
the low-speed side of the trailing edge).

A spectral analysis of the fluctuating longitudinal veloc-
ity highlights the differences between the natural case and the
manipulated regime. The Fig. 16 shows spectra obtained with
a single hot wire probe located in the (z/L; = 0)-plane at
x/Ly = 1.1 for a y-locations near the low-speed side boundary
of the mixing layer (u*(y) = 0.25). In the manipulated regime,
an increase of energy appears for a wide bandwidth at low fre-
quency (St = fh/Ui < 0.4), whereas the inertia range of the
spectra does not seem to be significantly affected by the con-
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Figure 15: Examples of instantaneous unsteady velocity field,
POD-filtered data with 75% of the velocity field energy
(PIV2).
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Figure 16: Energy spectral density at the location (z
0,z/Lb = 1.1) where u*(y) = 0.25 (hot-wire).

trol. The bandwidth for which the energy increases is centered
on a frequency which corresponds to St = 0.2. This frequency
is characteristic of a blunt trailing edge instability (Perret et
al., 2003). However, the very large-scale structures shown in
Fig. 15 are not characterized by a sharp peak at St = 0.2.
This feature may be due to strong three-dimensional effects
in the manipulated case. The spectral behaviour confirms the
unsteady character of the separation, although the control of
the separation itself is steady.

CONCLUSION

The influence of a separation over a bevel on a mixing
layer was studied experimentally. The main features occur-
ring downstream of the boundary layer separation have been
studied using Particle Image Velocimetry, Pitot-tube and hot-
wire.



A statistical approach allows us to describe the three-
dimensional aspects of the manipulated mixing layer. These
effects are the result of an interaction between two wakes and a
mixing layer, which induces a hyper-mixing. It is clear that the
localised controlled separation induces longitudinal vorticity
that enhance mixing. These results suggest that this unsteadi-
ness is a key process that can contribute to energize large scale
structures in the mixing layer, promoting hyper-mixing. We
show that the use of a steady blowing allows strong unsteady
3D perturbations of the initial conditions of the turbulent mix-
ing layer with dramatic influence on the downstream mixing.
These results are obtained in taking benefit of the natural
time and energy amplification of a flow close to the separation.
Proper scaling in size and frequency can be defined according
the expected more amplified modes of the mixing layer to be
controlled. This will be applied on an axi-symmetric jet to
excite the unsteady modes in order to enhance the mixing.
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