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ABSTRACT

Evidence of coherent convective vortical structures in
a statistical sense is obtained for a turbulent compressible
separated flow. Structures are detected and tracked in un-
steady data from a Large Eddy Simulations of shock wave-
boundary layer interaction by means of a new algorithm.
This one is based on the detection of the modulations of the
instantaneous zero mass flux lines induced by the travelling
structures. The educed structures are spatially characterized
and their frequencies, convection velocities and dimensions
are given. Their effect on the wall pressure and the skin
friction coefficients are also described.

INTRODUCTION

Shock-wave/boundary-layer interaction (SWBLI) has
been largely studied for several decades due to their prac-
tical interest in aeronautical applications. One critical fea-
ture of such flows is the occurrence of low-frequency un-
steadiness if the shock-induced adverse pressure gradient
is strong enough to induce a separation of the incom-
ing boundary layer. The physics resulting in these low-
frequency unsteadiness, also encountered in many subsonic
separated flow (Cherry et al., 1984; Kiya & Sasaki, 1983)
is not yet fully understood, see Babinsky & Harvey (2011).
However, possible links between the low-frequency un-
steadiness and the coherent structures of the mixing layer
developing downstream the separation point have been
highlighted in recent works, both in subonic (Ehrenstein
& Gallaire, 2008) and supersonic regime (Piponniau et al.,
2009). It is therefore of importance to obtain a compre-
hensive description of the characteristics of these struc-
tures. Difficulty arise in turbulent flows from the energy
preeminence of the structures issued from the incoming
boundary layer over the mixing layer ones. Some informa-
tion where nonetheless obtained in SWBLI from two-point
statistics and instantaneous PIV measurements of Dupont
et al. (2006); Piponniau et al. (2009). The purpose of the
present work is to complete these data by providing a sta-
tistical description of the dynamics associated with these

Figure 1. Spark Schlieren visualization of the interaction.

structures. A conditional averaging method relying on a
new eduction scheme of the coherent structures is proposed
to this end. As an illustration, it is applied to data obtained
from a Large-Eddy Simulation of a Mach 2.3 shock reflec-
tion for flow deflection angle of 9.5° including a large sep-
aration, as described in Agostini et al. (2012). The un-
steady properties have been widely validated against the
experimental results obtained for the same interaction ge-
ometry Agostini ef al. (2012). The spatial organization of
the flow is illustrated with a short time exposure Schlieren
of the interaction in figure 1. The origin of the longitudi-
nal coordinate x was fixed at the mean position (X) of the
unsteady reflected shock. This position was derived from
unsteady wall pressure. It was normalized by the length of
interaction L defined as the distance between X and the ex-
trapolation down to the wall of the incident shock. The size
of the interaction was of 54.5 mm. The dimensionless lon-
gitudinal coordinate X* = (x —Xp)/L was used to present
the results.

One key feature of this database is the very long physi-
cal time of 150 periods of the low frequency phenomenon
that has been computed. It therefore ensure a rather good
statistical convergence of the conditionally averaged data.
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Figure 2.  Sketch of the instantaneous deformation (dashed

line) of the mean zero mass flux line (solid line) induced by
a vortical structure from the mixing layer.

CONDITIONAL AVERAGING SCHEME
Foundation

For the SWBLI flow under consideration, both PIV
measurements by Dupont et al. (2006) and LES computa-
tions by Agostini et al. (2012) have shown that the mixing
layer developing over the separated region is located in the
vicinity of the mean dividing streamline. Structures devel-
oping and being convected along the mixing layer can hence
locally alter the instantaneous dividing surface located be-
neath them, as conceptually illustrated in Figure 2.

It is consequently expected that a conditional averag-
ing based on some metrics related to the dividing stream
surface will be able to put in evidence the coherent vortical
structures of the shear layer in a statistical sense.

Difficulty arises from the fact that the dividing stream
surface is extremely difficult to extract from unsteady three-
dimensional turbulent data. One can however remark that,
for a Favre averaged flow with spanwise homogeneity, the
dividing streamline coincides with the line on which the
mass flux, integrated from the wall, vanishes from nega-
tive values. Note that if density variations are not taken into
account, the former line matches the dividing streamline in
the Reynolds averaged sense. It is therefore proposed to
approximate the instantaneous dividing stream surface by
computing the spanwise-averaged zero mass flux line. Its
elevation A(x,7) is such as:

h(x,t) W /2
/ [/ p(x,y,z,t)u(x,y,z,t)dy| dz=0 (1)
Jo J-w)2

where W = 1.60 is the width of the computational domain.
Note that the use of a spanwise integration, although not
mandatory, allows an extra damping of the influence of the
streamwise aligned structures associated with the incoming
boundary layer.

The way the instantaneous zero mass flux line could be
locally distorted by vortical structures convected within the
mixing layer is sketched in Figure 2. The mostly spanwise-
aligned structure induces a local decrease in the streamwise
velocity U beneath it, resulting in a local elevation of the
instantaneous zero mass flux line A(x,z) compared to the
time-averaged one. Using the LES database, it has indeed
been found that the instantaneous line is strongly distorted
compared to the mean one. It can be checked by looking at
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Figure 3. Averaged zero mass flux line A(x,t) (dashed
line) and instantaneous zero mass flux line /(x) (solid line).

Figure 3, where the instantaneous and mean lines are plot-
ted in solid and dashed lines, respectively. Moreover, peaks
of the instantaneous line that could be induced by vortical
structures according to the model of Figure 2 mostly exhibit
a convective behavior when tracked in time. Maxima of the
instantaneous mass flux line consequently appear to be good
candidate in order to seek for the coherent structures of the
mixing layer.

Eduction algorithm

Although several maxima could be tracked in time, it
has been chosen to seek for the largest structures at a given
time only, in order to keep the complexity of the method as
low as possible. It is proposed to associate the streamwise
location of the largest structure with the streamwise location
of the largest normalized relative elevation of the zero mass
flux line A*(¢), defined as follow :

h* (1) = max <h(x7t1— hx) ) )

x o, (x)

where (x) = %Z ;h(x,;) is the time-averaged zero mass
flux line, o} (x) is the thresholded standard deviation of
h(x,t) defined by o} (x) = max(oy(x),s). The criteria de-
fined by Equation 2 allow to take into account :

o the steady streamwise variation of the line, that is can-
celed in Equation 2 by subtracting the time-averaged
value W;

o the increase in the size of the vortical structures along
the mixing layer, that is taken into account by normal-
izing with the standard deviation o, (x);

e the prevention of false detection in region where oy, (x)
tends toward zero by the introduction of the threshold
s.

The streamwise location x;-(¢), defined as the loca-
tion at which #*(¢) is encountered, is then tracked for ev-
ery timestep. A typical time evolution of x;:(¢) is plotted
in Figure 4 where the serrated evolution of xj- with time
suggests the presence of convective phenomena. Velocities
that can be computed from this plot are rather dispersed but
their mean value is in good agreement with two-point mea-
surements performed in the mixing layer region by Dupont
et al. (2006). Moreover, the plot of Figure 4 demonstrates
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Figure 4. Time evolution of the location x;:(f) at which
h*(x,t) is encountered. Dashed line is the best linear fit
in the least-squares sense. Black circles corresponds to re-
sults from the standard algorithm while red circles denote
locations computed by removing the p dependence in Equa-
tion 1.

the ability of the above-described method to qualitatively
track events over significant distance/time. This feature is
optimized by adjusting the value of the threshold s so has to
obtain a distribution of x;- as homogeneous as possible.

One may finally remark that, according to Equation 1,
the density field is required to compute xj+ (¢). This is not
a constraint for the present work since the database that is
used comes from a LES and therefore give access to den-
sity data. However experimental database generally do not
include measurements of the density field. It is therefore of
interest to note that the results described above are not sig-
nificantly altered when the density is removed from Equa-
tion 1, despite the fact that the flow is fully compressible,
with a convective Mach number of the mixing layer close
to unity. This is demonstrated in Figure 4 on which the
locations xy+ obtained when ignoring the influence of the
density are plotted in red.

Conditional averaging

The tracking method described in the previous section
could be used to educe vortices in a time-dependant way.
However it would probably suffer from a high level of mis-
detection because of the imperfect removal of the influence
of the incoming boundary layer structures. It is rather pro-
posed to perform a conditional averaging of the flowfield ac-
cording to the location of the educed structures. The condi-
tioning criterion is obtained by dividing the region spanned
by the xj;(), corresponding to X* € [0.166, 1.432], into ten
intervals of equal width. The instantaneous data are then
sorted into ten classes according to the interval in which
xj () lies. Eventually an average over data from each class
is performed, yielding conditionally averaged data. They
formally correspond to a double decomposition of a vari-
able C into a coherent part C; and an incoherent part C;”
with ten classes i = 1...10. The triple decomposition can
be obtained by con51der1ng the coherent fluctuation C; de-
fined by ¢ =C-C.

Before performing statistical study on the condition-
ally averaged data, it is of importance to check the under-
lying foundations of this work sketched in Figure 2. Class-
averaged zero mass flux line are computed to this end. Lines
for classes 2 and 9 are compared with the time-average zero
mass flux line /2(x) in Figure 5. The definitions of the inter-
vals used for the conditioning algorithm are also shown on
this plot. The difference between both lines is very small
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Figure 5. Class averaged zero mass flux line (solid line)
and average zero mass flux line @ (dashed line) for
classes 2 and 9 (blue and red respectively). The definition
of the interval used in conditioning algorithm is also shown.

except for the intervals of X* corresponding to each class.
The localized nature of the disturbances demonstrates that
the conditioning algorithm is rather insensitive to a global
breathing of the separation bubble. These results confirm
the idea of the spatial location of the disturbances of the
zero mass flux line that is supposed to be mostly modulated
by the coherent structures of the shear layer. The latter con-
jecture has nonetheless still to be tested.

COHERENT
STRUCTURES
Identification

One way to assess the link between the vortical struc-
tures within the mixing layer and the deformation of the
zero-mass flux line is to seek for vortex in the class-
averaged flowfield. It can be achieved by computing the
Q criterion (Hunt et al., 1988) from the class-averaged ve-
locity field . However a difficulty specific to the com-
pressible flow and the reflexion geometry has been encoun-
tered: due to the steady strong baroclinic torque located in
the region where the incident shock impinges the separated
boundary layer, strong Q levels are found in that vicinity
for every classes. Several attempts have been made to dis-
card this drawback while not altering the eduction of other
structures. Best results have been obtained by subtracting Q
values computed from the time-averaged flowfield from Q
values obtained for each classes. The results are presented
in Figure 6(a) for classes 2 and 9. The residue of the baro-
clinic vortex is still perceivable but the Q field is dominated
by coherent vortical structures with compact supports lo-
cated within the intervals of X* corresponding to each class.
On the basis of the above results (Fig. 5 and Fig. 6(a)), it
is conclude that the coherent vortical structures can be de-
tected using the instantaneous zero mass flux lines.

CONVECTIVE VORTICAL

Characterization

Although the algorithm is able to educe vortical struc-
ture, no associated timescale can be directly derived since
time information is lost due to the class averaging. It is
however of importance to check if the educed structures
correspond to the ones whose traces were found by two-
points statistics in previous works. Informations related
to the timescale of the detected structures can nonetheless
be recovered by applying the conditional algorithm to data
pre-filtered in time. Because of the clear time-scale sepa-
ration associated with the SWBLI under consideration (see
Dupont et al., 2006, for details), a low-pass filtering with the
normalized frequency, i.e. Strouhal number St = fL/U,
St < 1.65 allows the removal of the turbulent scales while a
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Figure 7. Locations of the Q-weighted barycentre of the structures for all classes educed from data with time shift of —50 , 0
and 50 us (white, black and gray respectively). See Figure 6 for the other notations in use.
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Figure 6. Vortical structures educed from the condition-
ally averaged data by means of the Q criterion for classes 2
and 9 (blue and red respectively). The shock-system loca-
tion is outlined by the set of thick solid lines. The thin solid
line and the dashed one indicate respectively the Mach line
and the average zero mass flux lines. The definition of the
interval used in conditioning algorithm is also shown.

low-pass filtering with St < 0.1 preserves the low-frequency
unsteadiness only. Structures educed from the St < 1.65 and
St < 0.1 pre-filtered data are respectively plotted in Figs.
6(b) and 6(c). Comparison of Figs. 6(a), 6(b) and 6(c)
demonstrates that the educed vortical structures are associ-
ated with the Strouhal number range [0.1;1.65], in concor-
dance with findings of Dupont ef al. (2006) and Piponniau
et al. (2009) for vortices within the mixing layer. Conse-
quently, they are not directly related to both the incoming
turbulence and the low frequency unsteadiness.

Another constraint of the original algorithm is that the
class averaging is associated with a location rather than a
time, as for standard phase averaging. Displacement of the
vortical structures can consequently not be tracked directly.
The convective nature of the coherent vortical structures can
nonetheless be ensured by performing conditional averag-
ing on time-shifted data: for a given time #, the data accu-
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Figure 8. Streamwise convection velocities for each class.

mulated to obtain the statistics of the class associated with
the location xy: (¢) are taken at time ¢ — 7. The center of the
vortical structures is estimated for each class and each time
shift by computing the Q-weighted barycentre over the re-
gion where Q is positive. The locations of the barycentre
computed from time shifts 7 equal to —50, 0 and 50 us
are reported in Figure 7 as white boxes, black bullets and
gray diamonds, respectively. It is obvious from this figure
that the vortical structures are downstream traveling from
the mixing layer region up to the shedding region, follow-
ing trajectories that match well the location of the minima
of the mean shear stress.

Local estimate of the convection velocity of the struc-
tures can also be deduced from the time-shifted data. The
streamwise convection velocities are obtained by comput-
ing for each class the linear fit of the evolution in 7 of
the streamwise coordinate of the structure in the least-
square sense. Considering time-shifts restricted to T €
[—10us, 10us], the linear fits are in very good agreement
with the original curves, allowing an accurate estimation of
the streamwise velocity. The resulting estimate are plot-
ted in Figure 8. The value obtained using this method
are in good concordance with the velocity computed from
two-point correlations by Dupont et al. (2006), who found
streamwise convection velocities around 160 m.s~!. Fur-
thermore, in the both cases the convective structure are ac-
celerated in the mixing layer region, while the velocity re-
mains almost constant in the shedding region. The slowing
down found at location x* ~ 0.7 is meaningless since it is a
consequence of the imperfect removal of the steady vortex
induced in that region by the baroclinic torque. Lastly note
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that estimations of the vertical convection velocities, typi-
cally one order of magnitude lower than their streamwise
counterparts, exhibit a low signal-to-noise ratio due to an
imperfect statistical convergence despite the long time ac-
cumulation of data associated with the LES database under
consideration. They are consequently not plotted.

The dimensions of the convective coherent turbulent
structures can be derived from the relative velocity fields.
One obvious approach would be to consider the extent of the
region over which the Q criterion is positive. However val-
ues obtained by this method would be overestimated. Since
all vortices detected within the interval associated with a
given class are averaged irrespectively of their exact loca-
tion, the resulting class-averaged vortex is smeared over the
full width of the conditioning interval. This effect can be
neglected only if the vortices are far larger than the condi-
tioning interval. Such prerequisite is not met in the present
study, as seen in Figure 6(a), since it would require the use
of very small conditioning interval that, in turn, would re-
sult in a very poor statistical convergence. One possibility
to overcome this problem is to consider a definition similar
to the vorticity thickness one. The width W; and height H;
are respectively computed for class i =1...10 as:

W = maxy [Wi (xvyé )} ["01 (X7Ys,-)]
l max, [a”; Vsi)
(3)
H = maxy [ﬁi (xsivy)] mln} [ (xs,'vy)}

0;
max, [ay Xs;5) }

where x; and yy, are respectively the streamwise and wall-
normal coordinate of the barycentre above-defined. The re-
sults are presented in Figures 9(a) and 9(b) for the width
and height, respectively. The width and the height are of
the same magnitude. One can observe the similar trend
for both dimensions: the structures growth in the beginning
of the bubble and their size does not fluctuate much in the
shedding region, that is in concordance with Dupont ef al.
(2006) and Cherry et al. (1984). The little deflection in the
measurements near 0.7X* is probably due to the residue of
the baroclinic effect.

Wall influence

Since the conditioning algorithm defined in this work
can be applied to any quantity and any location, it is possi-
ble to study the non-local effect of the convective structures.
Signature of the crossing of the structure on wall measure-
ment can for instance be obtained. The class-averaged wall
pressure and the skin friction coefficients for classes 2 and
9 are plotted in Figures 10 and 11, respectively. The struc-
tures induce the significant localized modulations of C, and
Cy despite the weak amplitude of the celerity fluctuations.
One can note that the Cy distribution through the interac-
tion, especially near the reattachment region (red line for
class 9), can present some tendancy to the breaking of the
bubble into two regions of separated flow with the region
of attached flow in between. It can be seen a bit clearer
from the Fig. 5. This could be a statistical signature of the
instantaneous broken bubble observed by Priebe & Martin
(2012) in the direct numerical simulation of a 24° compres-
sion ramp in Mach 2.9 flow.
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Figure 9. Dimensions of the coherent convective vortical
structures.

For a given class, the fluctuations of C;, and Cy with
respect to the time-averaged mean values typically corre-
spond to 50% to 70% of the local RMS valuse. Conse-
quently wall signature associated with the crossing of the
vortical structures would be difficult to discriminate from
turbulent fluctuations. It would probably make algorithms
only based on wall measurement far less efficient than the
one described in this work. Moreover, since the fluctuation
are localized in regions varying from class to class with al-
most no overlapping, the average of these coherent fluctu-
ation over all classes, corresponding to the energy content
associated with the convective coherent structures, account
for less than 10% of the RMS values. These low levels
could explain that methods based on energy-sorting such
as POD seems not be able to highlight structures as the one
educed using the present algorithm.

CONCLUSION

A new methodology designed to detect and track the
coherent structures in shock-boundary layer interaction has
been developed and has demonstrated promising results in
their statistical characterization. The educed structures are
demonstrated to be compact vortical convective structures
located in the mixing layer and the shedding region. Their
frequency, velocity and trajectory are similar to the ones
found in previous works using one- and two-points mea-
surements that were heuristically associated with vortices
of the mixing-layer.
Also, as suggested for a long time in subsonic and super-
sonic separated flows, the development of coherent scales
along the mixing layer with size increasing, as well as the
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Figure 10. C, for classes 2 and 9 (blue and red respec-
tively). The definitions of the intervals used in conditioning
algorithm are also shown.

Figure 11.  Cy for classes 2 and 9 (blue and red respec-
tively). The definitions of the intervals used in conditioning
algorithm are also shown.

shedding process from the second part of the separation re-
gion, are validated.
The facts that the above-described algorithm does not re-

SWBC

quired time resolved data and is almost insensitive to the
density, at least for the present flow case, make it relevant
for the analysis of PIV data.
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