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ABSTRACT

Experiments were performed in an incompressible plane
mixing layer past a blunt trailing edge for a Reynolds num-
ber based on the splitter plate thickness of O(104). The
influence of the trailing edge geometry on the mixing layer
development was investigated with two-point hot wire mea-
surements which permit us to perform a Proper Orthogonal
Decomposition (POD) of the flow. The blunt trailing edge
wake was found to be responsible for a strong modification of
the organization of the flow. Compared to a conventionnal
mixing layer, the self-similar region was shifted downstream,
the scale of the large structure are governed by the trailing
edge thickness and all the statistical quantities such as the
Reynolds stress profiles or the POD modes exhibit a stream-
wise evolution dominated by the wake characteristics over
the mixing layer behaviour in the near region.

INTRODUCTION

Several authors have shown that the development of the
mixing layer resulting of the interaction of two different ve-
locity streams at the trailing edge of a splitter plate is very
sensitive to the inflow conditions. Parameters such as the
momentum thickness of the boundary layers at the trail-
ing edge or their laminar or turbulent state have a strong
influence on the downstream behaviour of the flow, espe-
cially on the growth rate of the mixing layer and on the
location of the self-similar region. In particular, Dziomba
and Fiedler (1985) showed experimentally the importance
of the trailing edge thickness h. In fact, they found that
if this parameter exceeds 50% of the sum of the boundary
layer displacement thickness §1 on the splitter plate, its in-
fluence becomes significant and modifies both the spreading
rate and the characteristic frequencies of the flow, the insta-
bility frequency of the wake becoming dominant. They also
confirmed the theoretical demonstration by Michalke and
Shade (1963) of the strong influence of the wake component
of the longitudinal velocity profiles on the Strouhal number.
Boldman et al. (1976) made both an experimental and a nu-
merical investigation of the influence of the external velocity
ratio r = Uqa /Uy (Ug > Uyp) on the development of the mix-
ing layer behind a blunt trailing edge. They showed that the
spatial organization of the flow as well as the vortex shed-
ding frequency depend on velocity ratio. As this parameter
decreases to zero the periodic vortex shedding indicative of
a wake flow tends to disappear. They measured a Strouhal
number about 0.2 based on the trailing edge thickness and
the average of the external velocities. In his study of the
plane mixing layer development, Metha (1991) found that
the splitter plate wake and its complex interaction with the
mixing layer plays a dominant role, especially in the way
the self-similar state is reached. Koch (1985) investigated

self-excited wake flow development (more particularly flows
past a blunt edged flat plate) by means of stability analy-
sis. He showed that the nature of the flow instability which
can be either convective or absolute is directly related to
the asymmetry of the initial conditions, namely the external
velocity ratio and the difference of the characteristics of the
boundary layers on the dividing plate.

Quantities such as the spreading rate or the characteris-
tic frequency depend on the inflow conditions but are also
characteristic of the large scale structures of the flow. As a
consequence, techniques such as conditionnal and structural
averaging (Antonia, 1981) or Proper Orthogonal Decompo-
sition (POD) introduced by Lumley (1967) can be used to
study the influence of the trailing edge geometry on the
downstream development of the flow.

In the present work, we have analysed the influence of
the wake effect of the splitter plate trailing edge on the
downstream evolution of a fully developped turbulent mixing
layer. In this case the of a high ratio between the trail-
ing edge thickness and the displacement thickness of the
boundary-layers h/é; is about 10. This kind of flow is of in-
terest because it is expected to exhibit different behaviours,
presenting simultaneously two types of global instability. In-
deed, an absolute instability due to the splitter plate wake
influence and a convective instability characteristic of the
mixing layer behaviour can be found simultaneously in such
a flow (Koch, 1985).

EXPERIMENTAL SET UP

The experiments were carried out in an open wind-tunel
at CEAT/LEA in Poitiers, France. The two-dimensionnal
subsonic turbulent mixing layer had a high speed velocity
U, of 35.2 m/s and a low speed velocity U, equal to 23.8
m/s (velocity ratio r = 0.67). The height of the trail-
ing edge h was equal to 19 mm. The Reynolds number
based on the difference of velocity between the two flows
and h is Re = hAU/v =~ 14,400. A sketch of the mix-
ing layer together with the coordinate system used in this
study is shown in figure 1. In order to be able to quan-
tify the wake effect, the splitter plate trailing edge can be
cither blunt (configuration named here thick mixing-layer
(TML)) or beveled (or conventionnal mixing layer (CML)).
The half-angle of the bevel (12°) was chosen to avoid flow
detachment in this region. The experiments were systemat-
ically performed in both configurations.

The measurements were performed at different down-
stream locations (from z/h = 5.25 to /h = 42.1) by using
hot wire anemometry. A rake of 19 non-uniformly spaced
“X” wires probes was used to obtain both the longitudinal
and the transversal (normal to the plate) velocity compo-
nents. The probes were placed symmetrically about the
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Figure 1: Plane mixing layer coordinates.

mixing layer axis with a separation of 4.0 mm near the cen-
ter of the shear layer and 8.0 mm in the external region, the
rake spanning approximately 93 mm (4.9 h). The diameter
of the wires was 2.5 um and the sensing length was about 0.5
mm. The 38 velocity signals were simultaneously sampled
at 50 kHz after low pass filtering at 25 kHz.

FLOW VIZUALISATIONS

Flow vizualisations were performed by injecting smoke
into the flow at the trailing edge of the splitter plate. From
instantaneous photographs (Fig 2), the thick mixing layer
clearly exhibits a strong organization and larger scales when
compared to the conventionnal mixing layer. More partic-
ularly, two rows of opposite signed vortices located at the
top and the bottom edges of the trailing edge of the splitter
plate can be observed in figure 2a). The top and bottom
vortices are not strictly alternating like in a wake but seem
to be almost verticaly aligned with the low speed structures
being consumed by high speed ones. Hence they tend to
merge downstream to form only one row. It results in an
large increase of the growth rate of the shear layer.

a) TML b) CML

Figure 2: Instantaneous flow vizualisations (at the same
scale) (nearly 13.7 2 /h x 8.4 z/h).

STATISTICAL RESULTS

Mean Velocity Profiles

The mean longitudinal velocity profiles (Fig 3) measured
at different streamwise locations show the strong influence of
the wake effect when a blunt trailing edge is used. A velocity
defect can be observed until z/h ~ 52. As a consequence, the
self-similarity region is reached very far downstream. Mor-
ever, it is noticeable that the thick mixing layer develops
essentially on the high velocity side of the flow. In both their
experimental and numerical studies of the vortex shedding
from a blunt trailing edge with unequal external mean ve-
locities, Boldman et al. found (1976) also such a behaviour
when the mean velocity ratio is below 1. To quantify the
growth rate of the mixing layer, the vorticity thickness de-
fined as:

dw = AU/(du/dy)maz &

a) TML

y/h

b) CML
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Figure 3: Mean longitudinal velocity profiles
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Figure 4: Longitudinal evolution of the vorticity thickness
d,. +: blunt trailing edge, o: beveled trailing edge.

can be computed. The streamwise evolution of §, is plot-
ted in figure 4, confirming the strong expansion of the thick
mixing layer at about twice the rate of the conventionnal
mixing layer (respectively dd, /dx = 0.0684 and 0.037 1).

Longitudinal Evolution of the Reynolds stress

The Reynolds shear stress profiles obtained when a blunt
trailing edge is used are plotted as a function of the stream-
wise distance in figure 5. As with the mean velocity profiles,
they exhibit two different behaviours revealing the different
regions involved in this flow:

e In the near wake (x/h < 16), two peaks of opposite
sign can be seen. The high-speed side has a negative
peak whereas the other side has a positive extremum
decreasing with the longitudinal distance and eventu-
ally disappears. It is remarkable that the positive peak
was more important in magnitude than the negative in
the near region and tends rapidly to zero.

o For x/h greater than typically 16, the effect of the wake
disappears and is overcome by the mixing layer influ-
ence. The Reynolds stress profiles have the classical
shape found for a conventionnal mixing layer with only
one negative extremum.
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y/h

Figure 5: Streamwise evolution of the Reynolds stress
w1’ /AU? in the TML case.

Metha (1991) found the same type of behaviour in his
study of the effect of velocity ratio on plane mixing layer de-
velopment, showing that the magnitude of the low-speed side
Reynolds stress peak is an increasing function of the velocity
ratio. For all the velocity ratio Metha (1991) explored, the
high-speed side extremum was found to be always greater
than the second peak which is contrary to our results. This
difference can be attributed to the fact that he used a thiner
trailing edge relative to §1 reducing the strength of the wake
effect.

Longitudinal Evolution of the Turbulent Intensity

Figure 6 shows the longitudinal evolution of the max-
ima of ' and ¢ intensities (respectively vVu'? |mqz and
V' |maz) for the two flow configurations. It’s noticeable
that the maximum levels of the fluctuation of u and v are
always larger in the case of the blunt trailing edge. These
quantities seem to converge to the same value downstream.
Moreover, contrary to the conventionnal case, Vi'Z |maz is
larger than V'? |ya, until x/h = 21 for the thick mixing
layer. The wake effect produces a strong excitation of the
flow which leads to a higher turbulent intensity and shifts
downstream the self-similarity region where Va2 mae and
Vi'Z |maz are supposed to be constant with respect to the
longitudinal location. These results can be compared to
those of Metha (1991). In the case of the conventionnal
mixing layer the evolution of the streamwise and transversal
velocity fluctuation maxima are quite similar both in quali-
tative and quantitative manners. As far as the thick mixing
layer is concerned, the evolution of the maximum of Vu'2
is surprisingly closer to the measurements of Metha (1991)
when r = 0.9. However, it is not the case for the transversal
component for which the level of the maximum is higher in
the present study.
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Figure 6: Longitudinal evolution of the maxima of fluctu-
ation of the longitudinal velocity (M) and the transversal
velocity (o).— TML, - - - CML.
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Figure 7: Spatio-temporal correlation coefficients of the lon-
gitudinal (a) and b)) and the transversal (c) and d)) velocity
components (z/h = 5.25), — positive correlations, - - - neg-
ative correlations. a) and ¢) TML, b) and d) CML

Figure 8: Spatio-temporal correlation coeflicients of the lon-
gitudinal velocity component (z/h = 21), — positive corre-
lations, - - - negative correlations. a) TML, b) CML

Space-Time Correlations

Space-time correlation coeflicients were obtained with
the rake of X hot wires and were computed for each velocity
component as follow:

<uj(y,)ui(y t+m)>

- /oY —
Cii(y,v',7) V< @b/ <ui g DES
where < . > is the conventionnal time average. These

statistics permit us to characterize the spatio-temporal or-
ganization of the flow. Figure 7 shows a typical example
of these correlations at x/h = 5.25 for the two flow con-
figurations and both the longitudinal and the transversal
velocity components. The reference probe was located at
y/h = 0.84. The u-component correlations show alternating
positive and negative correlated areas both in the tempo-
ral and the transverse directions. The thick mixing layer
appears to be strongly correlated in time whereas the corre-
lation levels decrease rapidly in the conventionnal case. The
v-component has the same temporal behaviour but its sign
does not change with respect to the y-direction. It should
be pointed that near the plate the level of correlation does
not seem to vanish with large temporal separations.

The experiments performed at other downstream loca-
tions (see Fig 8 for the correlations of the u-component
at #/h=21) show the same type of time-correlation and a
similar downstream organization. In the case of the blunt
trailing edge, the temporal wavelength of the alternate ar-
eas appears to be constant with the streamwise direction
with a typical time scale 7oU./h = 4. Indeed, although the
correlation levels being less important than upstream, 7o re-
mains constant for both z values. On the contrary, for the
conventionnal mixing layer, it evolves linearly: the further
downstream, the greater the wavelength is. These results
confirm that the mixing layer past the blunt trailind edge
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is dominated by the wake effect for a long time and the
large scales of the flow seem to be governed by the trailing
edge thickness. The wake effect is to force the flow in time,
the large structures being locked on a specific scale. In the
case of the beveled trailing edge mixing layer, the large scale
organization is scaled to the local vorticity thickness, then
evolves linearly with the downstream location.

APPLICATION OF POD

Recalls on the POD

In this section, the Proper Orthogonal Decomposition is
briefly presented. More details can be found in Berkooz et
al. (1993) and Delville (1995). Lumley (1967) first proposed
the POD technique to identify the coherent structures in
turbulent flows. It consists of extracting from the flow the
structure ¢(X,t) with largest mean-square projection onto
the velocity field #(X, t). This maximization problem leads
to solve the integral problem of eigenvalues:

[} R 06 X085(x)ax” = 2gu(x) D)

where R;; is the space-time correlations tensor over the
domain D :

Ry (X, X') = (X (X)) ®3)

The fluctuating field can be projected onto the POD ba-
sis composed of the n eigenfunctions ¢§")(X ):

o0

U(X) =Y o™ (x) (4)

n=1

Two kind of eigenvalues problems can be solved, depending
on the kernel which is used. A spatial POD can be per-
formed if the POD kernel is the two-point spatial correlation
tensor Ry;(X,X') = (U;(X)U;(X')). If the kernel is the
cross-spectrum spatial correlation tensor ¥;;(X,X',f) =
Ui(X, f)u;‘(X’ ,f)) where § is the Fourier transform of g
and g* is the complex conjugate of g, a spectral POD is com-
puted. Note that in the present study, only the transversal
direction y is considered for the decomposition.

Spatial POD results

In this section, a scalar POD approach is used: each ve-
locity component is computed independantly using the two-
point spatial correlation tensor R;s(X, X'} = (U (X)U; (X))
(i equal 1 or 2).

Figure 9 shows the first two POD modes of the longitu-
dinal velocity component obtained at different downstream
locations for the two mixing layer configurations.

In the case of the beveled trailing edge, the classic be-
haviour of the first two modes is retrieved (see Delville 1995):
the shape of the first mode is approximately a gaussian
centered on the mixing layer axis, and the second mode is
antisymmetric.

As regards to the thick mixing layer, the shape of the first
two modes depends on the longitudinal position considered:

e when the longitudinal distance from the trailing edge
is greater than typically 16 A , the shapes of the first
two modes are similar to the conventionnal case.

e For x/h between 0 and 15.8, the first mode is al-
most antisymmetric whereas the second one looks more

- ~—
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Figure 9: Streamwise evolution of the first two POD modes
of the longitudinal velocity component. a) TML, b} CML,

—o— first mode, - - - second mode.

2.5 ™ 17
2 : it -
L3P i -
I A A
= 0aF 1 { i 24

= i £e A
= of A {18 /i34
0.5 {i [ SRE

AL Y
afb E IR =

\ \ :

) L L
25 3045 40

Figure 10: Streamwise evolution of the first two POD modes
of the transversal velocity component. TML case, —e— first
mode, - - - second mode.

gaussian in form. Thus, in the near region, the POD
modes of the thick mixing layer behave like those of a
flat plate wake (Delville 1995).

This change of shape of the first two modes with the
longitudinal distance is quite similar to that of the Reynolds
stress uw’v’ and can be interpreted as the influence of the
wake effect on the shear layer. Considering the behaviour of
the u-component POD modes, the near region is dominated
by the wake mode of the flow, and farther downstream, the
shear layer tends to behave like a conventionnal mixing layer.
The higher order modes of the two kind of flows have the
same shape. It appears that only the first two POD modes
are modified by the wake influence. This can be interpreted
as if the large structures of the flow were strongly altered by
the wake of the plate.

The shape of the first two POD modes of the transversal
velocity shown in figure 10 do not seem to be affected by the
longitudinal evolution of the flow.

Figure 11 shows the longitudinal evolution of the rela-
tive importance of the first and the second mode (A1/)z).
The ratio of the first two eigenvalues first decreases with
the distance from the trailing edge , reaching a minimum
of 1.2 at £/h = 15.8 and then increases,. The upstream
region is clearly dominated by the first mode which is anti-
symmetric whereas for x/h > 15.8, the most energetic mode
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Figure 11: Streamwise evolution of the ratio A1/Az in the
TML case.

is symmetric. It should be pointed out that there exists a
transition region (x/h ~ 15.8) in which the shape of the first
two modes change and their corresponding eigenvalues are
of the same order of magnitude. Thus, the behaviour of the
ratio of the first two eigenvalues reveals where the important
modification of the flow organization occurs.

Spectral POD results

The strong influence of the wake mode in the near region
(zr < 15.8) is also found when a spectral POD is computed.
The eigenspectra of the POD based on u in the case of the
thick mixing layer are shown in figure 12. At z/h = 5.25, the
first eigenvalue has a strong peak at a frequency f about 380
Hz. Its first harmonic can also be observed (f = 760 Hz).
Spectral analysis of the flow (not presented here) showed
that the spectra of the three velocity components exhibit
this characteristic frequency in the near region. Downstream
(z/h = 36.8), the eigenspectra do not present any peak and
is closer to the eigenspectra of a conventionnal mixing layer
(see Delville, 1995).

The computation of the POD modes of u confirms the
change of the shape of the first two modes. Figure 13
presents the modulus of the modes weighted by the root
of the corresponding eigenvalue. Indeed, at z/h = 5.25 (fig-
ure 13 a) and b), the first mode presents two peaks for f =
380 Hz located on each side of the shear layer whereas down-
stream (z/h = 36.8 figure 13 e) and f)) only one maximum
at lower frequencies located on the mixing layer axis can be
observed.

Nevertheless, the frequency dependance of the POD
modes shows that the transition from a wake dominated flow
to a more conventionnal mixing layer is more progressive
than expected from the spatial POD mode results. Indeed,
at z/h= 21, the first spectral POD mode (see figure 13 c))
exhibits two peaks at the frequency characteristic of the
wake Strouhal number (f=380 Hz) but also a maximum at
a lower frequency located on the mixing layer axis (like the
first mode at 2/h=36.8). At this longitudinal location, the
shape of the first spatial POD mode is already gaussian, as
observed in the beveled trailing edge mixing layer.

CONCLUSIONS

In the present work, two kind of mixing layers have been
investigated: a conventionnal configuration utilizing a split-
ter plate with a beveled trailing edge and a thick mixing
layer utilizing a splitter plate with blunt trailing edge which
resulted in the interaction of a mixing layer and a wake.
The conventionnal configuration constitutes a reference case
to analyse the effect of the dividing plate on the develop-
ment of the shear layer. The results of this study confirms
previous work on the same kind of flow, that is to say the
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Figure 12: Spectra of the first three eigenvalues. TML case
(z/h = 36.8).

wake effect produced by the blunt trailing edge modifies the
large scale organization. Its influence leads to a streamwise
evolution of the flow in which two regions appear: a near
wake region clearly dominated by the wake behaviour and
a far wake region in which the mixing layer overcome the
decreasing wake effect. The POD analysis of the flow field
shows that longitudinal evolution strongly affects the large
scale structures. Indeed, the first two POD modes which
are representative of the most energetic structures in the
flow undergo a change in shape with the longitudinal dis-
tance from the trailing edge. As regards to the spatial POD
modes, the transition between the region under the influ-
ence of the wake and the far wake region is indicated by the
fact that the typical first gaussian-like mode of a classic mix-
ing layer becomes the second mode in the near region and
vice versa. In this region, the ratio of the first two eigen-
values A1 /A2 is minimum and about 1.2. Hence, the flow
is not strongly dominated by only one mode in this spe-
cific region. Moreover, when a spectral representation of the
modes is considered, the first modes and their eigenvalues
of the near region exhibit a frequency peak characteristic of
the vortex shedding which occurs behind the dividing plate.
This frequency corresponds to a Strouhal number based on
the trailing edge thickness about 0.24. Downstream, this
characteristic frequency progressively disappears as the wake
influence is overcome by the mixing layer. Thus, the near
wake region plays the role of a strong harmonic excitator of
the shear layer as indicated by the modification of the flow
organization and the turbulent characteristics.
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