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ABSTRACT

We investigate a passive flow-control technique for the
interaction of an oblique shock generated by an 8.8° wedge
with a turbulent boundary layer at a free-stream Mach num-
ber of M. = 2.3 by means of large-eddy simulation. The
control configuration studied combines suction applied in-
side the separation zone and injection acting upstream of the
interaction region through a passive-channel concept. We
present results for three configurations, which differ in the
suction location within the recirculation zone while the in-
jection position is kept constant. Besides the analysis of
mean flow properties, the main focus lies on the turbulence
evolution within the interaction region and the effect of the
control devices on the low-frequency dynamics of the re-
flected shock movement.

INTRODUCTION

Shock-wave/boundary-layer interactions (SWBLI) fre-
quently occur in flows of technological interest, such as
supersonic air intakes, turbomachine cascades, helicopter
blades, supersonic nozzles and launch vehicles in general.
SWBLI can critically affect the vehicle or machine perfor-
mance in several ways. The adverse pressure gradient act-
ing on the flow strongly retards the boundary layer, eventu-
ally leading to separation if the imposed pressure gradient
is strong enough (Délery & Dussauge, 2009). Furthermore,
the SWBLI is a main cause of maximum mean and fluctuat-
ing pressure levels as well as thermal loads that a structure
is exposed to. The low-frequency unsteadiness of the re-
flected shock, whose exact mechanism is still under debate,
is a main contribution to failure due to fatigue (Pirozzoli
etal., 2010).

Several experiments and numerical investigations have
been carried out with the aim of identifying suitable con-
trol mechanisms that mitigate or preferably eliminate the
detrimental effects caused by shock-induced separation, see
Délery (1985). In this work we focus on a control technique
that consists of a combination of suction applied inside the
separation bubble and injection acting ahead of the interac-
tion region, see Fig. 1. Both suction and injection are real-
ized through a passive channel and act over the whole span-
wise domain extent, which leads to a quasi two-dimensional
flow pattern.
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Figure 1: Schematic of the considered control method. Blue
planes: reflected shock system. Grey Surface: 2D sketch of
the recirculation region.

FLOW CONFIGURATION AND NUMERICAL
APPROACH

The basic SWBLI topology studied in this work is the
case of an oblique shock impinging on a flat plate bound-
ary layer. The resulting flow pattern is shown in Fig. 2.
The shock is generated by a 8.8° wedge at a freestream
Mach number of M., = 2.3 and the Reynolds number based
on the inlet boundary layer thickness is Reg = 60.5 - 103.
Stagnation temperature and pressure are 7y = 300K and
po = 0.5bar. Throughout this study we will use the bound-
ary layer thickness either evaluated at the domain inlet
&y = 11.35mm or at a reference plane dj = 13.46mm lo-
cated upstream of the interaction region at x/8 = 11.7 as
reference length.
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Figure 2: Illustration of the computational domain together
with isocontours of pressure gradient magnitude (gray) and
Q-criterion, colored by local streamwise velocity.

At the domain inlet a Digital Filter (DF) based bound-
ary condition is used (Touber & Sandham, 2009), for which
first and second order statistical moments have been ob-
tained through a precursor temporal boundary layer sim-
ulation. The shock is introduced at the top of the do-
main, by imposing a jump in the flow variables that satisfies
the Rankine-Hugoniot relations. The nominal inviscid im-
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pingement point at the wall is x;,,, = 16.7 &y. At the outlet,
linear extrapolation of all flow variables is used. The wall
is modeled as isothermal with the temperature set fixed to
its nominal adiabatic value T, /Too = 1 + r”%lMc,z0 =2.065,
which corresponds to a recovery factor of r = 1. Peri-
odic boundary conditions are used in the spanwise direc-
tion. The domain is rectangular with dimensions 23.398; x
5.578y x 2.628) and is discretized with 560 x 190 x 130
cells in streamwise, wall-normal and spanwise directions,
respectively. This leads to a grid resolution of Ax™ = 30,
Ay;m = 1.2, Az" = 15. For the low-frequency analy-
sis presented later, 10387 equally spaced pressure probes
(A /8§ = 0.05) have been placed both in stream- and span-
wise direction along the wall as indicated in Fig. 2.

Fig. 1 shows a schematic representation of the basic
control method used in this work together with the main ge-
ometry parameters. In total three parameter sets have been
investigated, for which the suction location within the sep-
arated zone is varied while the injection position is kept fix.
Intuitively, vertical injection perturbs the incoming turbu-
lent boundary layer, followed by a relaxation process before
the interaction region is reached. For this reason the injec-
tion is located well upstream of the nominal inviscid im-
pingement point. Fig. 3 shows the average normalized wall-
pressure distribution for the baseline configuration without
control, referred to as NC in the following, together with
the bubble topology represented through the <u>/U. =0
iso-line (o). Grey shaded rectangles represent three differ-
ent suction locations. With CA we denote the case where
suction is applied near the maximum bubble height and for
the cases CB and CC the suction slot is shifted 0.3 &y up-
stream and downstream, respectively.
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Figure 3: Average normalized wall-pressure distribution
and zero streamwise velocity iso-line for the uncontrolled
reference configuration NC. Investigated suction locations
are indicated by CA, CB and CC. Triangles (A) denote sep-
aration and reattachment pressure levels, respectively

Implicit Large-Eddy Simulations (ILES) are conducted
for the aforementioned flow configurations. The compress-
ible Navier-Stokes equations are solved using the Adaptive
Local Deconvolution Method (ALDM) for the discretiza-
tion of the convective fluxes (Hickel & Larsson, 2009). The
diffusive fluxes are discretized using a 2"? order central dif-
ference scheme and a 3’ order Runge Kutta scheme is used
for the time integration.

Reported statistical quantities have been obtained by
averaging instantaneous three-dimensional flow fields in
time and spanwise direction after an initial transient of
5Ly /Ux; see Tab. 1 for details.
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Figure 4: Incoming boundary layer: (a) van-Driest trans-
formed mean-velocity profile. (b) RMS of Reynolds
stresses with density scaling at Re; = 900. (c¢) Incompress-
ible skin friction evolution (d) Two-point autocorrelation
functions.

RESULTS AND DISCUSSION

Incoming Turbulent Boundary Layer

Before the influence of each control configuration on
the SWBLI is addressed, the main incoming boundary layer
properties will be discussed. The van-Driest transformed
mean-velocity profile together with the RMS of Reynolds
stresses in Morkovin scaling at x/ 8 = 13.1 are presented in
Fig. 4 (a)/(b) and compared against DNS data of Pirozzoli
& Bernardini (2011) for a slightly different Mach number
of M. = 2.0 but the same friction Reynolds number Re; =
900. The velocity profile is in excellent agreement with
the logarithmic law of the wall and the DNS data. For the
Reynolds stresses good agreement can be observed in the
near-wall region, while larger deviations occur in the loga-
rithmic and wake region. For further validation, the incom-
pressible skin friction distribution <C.>, obtained through
the van-Driest II transformation, is compared to algebraic
incompressible relations and the same DNS database; see
Fig. 4 (c). The computed incompressible skin friction coef-
ficient (—) is in good agreement with the reported empirical
relations. Autocorrelation functions in spanwise direction,
see Fig. 4 (d), show that all flow variables are sufficiently
decorrelated over a distance equal to half of the spanwise
domain extent. From this we conclude that the domain is
sufficiently wide and that the turbulence dynamics is not
affected by the periodic boundary conditions. In the same
figure, also the streamwise evolution of the autocorrelation
functions is illustrated. It is important to note, that the DF
technique does not introduce any spurious low-frequency
tone which could possibly interfere with the reflected shock
dynamics investigated in this study.

Baseline SWBLI

The mean skin-friction evolution in the direct vicinity
of the interaction region is shown in Fig. 5. Due to the
adverse pressure gradient imposed on the turbulent bound-
ary layer, the flow is decelerated and forms a recircula-
tion zone as indicated by the change of sign in <Cy>.
The mean separation length for the baseline configuration
is Lyep = 2.460). The corresponding wall-pressure evo-



ﬁ/ —<_— International Symposium

\ é‘ﬁt On Turbulence and Shear Flow

ZA— Phenomena (TSFP-8)
August 28 - J(), 2013 Poitiers,

France

lution is shown in Fig. 3. The pressure increase associ-
ated with the impinging shock is felt approximately 3 8}
before the theoretical inviscid impingement location X;,.
This effect is known as the upstream influence mechanism
(Délery, 1985). Black triangles denote the separation and
reattachment pressure levels, while the horizontal red line
marks the separation pressure as predicted by the free-
interaction theory. The bubble topology, analyzed through
the <u>/U. = 0 iso-line in Fig. 3, reveals a very shal-
low separation zone with an aspect ratio of /iy /Lsep = 50.
Dupont et al. (2006) proposed a linear relationship for weak
interactions between the interaction length L;,, and the pres-
sure jump across the impinging shock wave (p — p;) nor-
malized by the upstream boundary layer thickness &y and
wall shear stress 7,,, respectively. In this study we define
the distance between the mean reflected shock foot posi-
tion (obtained through linear extrapolation to the wall) and
Ximp as the interaction length L;,, as done by Dupont et al.
(2006). Fig. 5 depicts the experimental data together with
the value for the current LES e, confirming the expected
linear relationship.
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Figure 5: Mean-flow statistics: skin friction evolution and
interaction length.

In the following we analyze the Power Spectral Den-
sities (PSD) of wall-pressure probes. Pressure signals
have been recorded at a mean sampling time interval of
0.051 84 /Us and cover a total timespan of 10918]/U..; see
Tab. 1 for details. This leads to a maximum resolvable
Strouhal number of St,,,c ~ 10 and a minimum resolvable
Strouhal number of St,,;, = 0.001, which means that the
current LES is able to capture the expected low-frequency
unsteadiness. In Fig. 6 we report the wall-pressure spec-
trum together with the full evolution of pressure fluctua-
tions evaluated at four selected streamwise locations. More-
over, mean separation and reattachment positions are indi-
cated. In order to emphasize the frequencies that contribute
most, we show contours of the premultiplied PSD normal-
ized by the integrated PSD over a given frequency range,
i.e., f-PSD(f)/ [PSD(f)df. This scaling explains why the
high-frequency band near the reflected shock foot position
seems to be discontinuous.

The most upstream wall-pressure variance signal
shows no significant pressure variation, indicating the
undisturbed turbulent boundary layer. Considering the next
probe, which is located in the proximity of the mean re-
flected shock foot, distinctive pressure peaks associated
with the back and forth motion of the reflected shock can
be identified. Dussauge et al. (2006) found typical Strouhal
numbers based on the separation length ranging between
Str,,, = 0.02...0.05 for different flow geometries and up-
stream conditions. Associated time scales of tUs /Lse,, =
20...50 could be found in the current LES as indicated in
Fig. 6. Further downstream, distinct peaks are no longer
visible, however, the amplitude of the pressure fluctuations
has increased significantly as a consequence of turbulence
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Figure 6: Weighted power spectral density (PSD) of
spanwise-averaged wall-pressure probes for the baseline
configuration and selected pressure signals. Contour: f -
PSD(f)/ [PSD(f)df, x* = (x — Ximp) / &

amplification over the shock. The PSD spectrum in Fig. 6
clearly shows the broadband peak associated with the char-
acteristic frequency of the energetic scales in the undis-
turbed boundary layer. The energy peak shifts towards
significantly lower frequencies in the vicinity of the mean
separation location and moves back again to higher fre-
quencies downstream of the interaction zone. Due to the
thickening of the boundary layer past the shock system,
the new PSD peak is located at lower Strouhal numbers.
Based on the mean separation length a Strouhal number of
Str, = fLsep /Us = 0.03 is found for the low-frequency
shock motion. This finding is consistent with the experi-
mental values documented in Dupont et al. (2006). As re-
ported in Tab. 1, a total number of 14 low-frequency cycles
(LFC) are captured within the available integration time.

Table 1: Numerical details and results of all cases.

CASE NC CA CB cC
SETUP: STATISTICS

Sampling time Az U.. /35 1.06 1.06 1.06 1.06
Sampling time At U../8° 0.051 0.029 0.029 0.029
Number of FTT 55 27 38 35
Runtime® T Us. /& 1091 538 754 694

RESULTS: MEAN STATISTICS

Interaction length® L;, /&] 3.24 3.26 2.75 3.09
Massflow ratio s, /1y [%) — 2.66 2.05 3.15
Max. bubble height /qx/ & 0.035 0.081 0.036 0.068
Bubble mass’ m/(p..&"?) 0032 0024 001l 0014
RESULTS: LF-ANALYSIS

:fﬁ(;/Umd 0.0135 0.0238 0.0329 0.0242
Number of LFC 14 12 24 16

a.Sampling time for the post-processing based on collected snap-
shots  b.Mean sampling interval for the wall-pressure probes
c. Excluding a start-up transient of SFTT. d.See Fig. 11 for de-
tails.  e.Distance between the mean reflected shock foot position
and theoretical inviscid impingement point.  f. Bubble mass per
unit span.
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Figure 8: Mean resolved turbulent kinetic energy together
with zero streamwise velocity iso-line in white and sonic
line in black in the vicinity of the interaction zone. Vertical
dotted lines represent suction locations.

Control configurations

In this section, we provide a cross-comparison be-
tween the baseline configuration NC and the three control-
mechanisms CA, CB and CC. The skin friction evolution in
Fig. 9 shows a perturbation of the upstream boundary layer
for all three control cases due to the vertical injection. Local
suction within the separation bubble leads to an increase in
skin friction directly upstream of the suction location due to
the acceleration of the near-wall flow. Downstream of the
suction slot, the skin friction level drops to greater negative
values due to the higher reversed flow amplitude. All con-
trol configurations lead to a downstream shift of the mean
separation location. The largest effect is observed for con-
trol case CB. For the same case, the skin friction evolution
downstream of the suction channel is positively influenced
as indicated by the upstream shift of the mean reattachment
position and the overall higher skin friction level in the re-
laxation zone. The mean wall pressure distribution in Fig. 9
clearly shows a reduction of the upstream influence length
for control case CB. The interaction lengths L;y /8] are
3.24, 3.26, 2.75 and 3.09 for the cases NC, CA, CB and
CC, respectively.

A close-up of the interaction zone is shown in Fig. 8,
where we present contours of mean turbulent kinetic en-
ergy (TKE), the zero streamwise velocity iso-line in white
and the sonic line in black. Without flow control, turbu-
lence gets amplified when approaching the shock system
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Figure 9: Skin friction and wall pressure distribution in the
vicinity of the interaction region. Grey shaded areas indi-
cate suction locations.

with maxima being located in the region around the mean
separation location and along the detached shear layer that
originates from it. For all control configurations, the in-
coming subsonic layer is thicker than for the baseline case.
This is a direct consequence of the vertical injection up-
stream of the SWBLI. However, the zero streamwise veloc-
ity iso-line shows that control cases CA and CB are able
to significantly reduce the spatial extent of the recirculation
zone upstream of the suction slots. Geometric properties
are summarized in Tab. 1. Considering the TKE contours,
suction applied within the inclined detached shear layer re-
gion (—2.6 < x* < —0.8) leads to a strong amplification of
turbulence, whereas if suction is applied in the rear part of
the bubble (CC) it damps turbulent fluctuations. For all
three control configurations an increased incoming turbu-
lence level can be observed up to wall distances y/§) ~ 0.3,
which results from additional shear layers directly down-
stream of the injection slot, see Fig. 7. Compared to the
undisturbed turbulent boundary layer, the maximum ampli-
fication factor within the interaction region is found to be
2.64 for NC, 2.82 for CA, 3.19 for CB and 2.29 for CC,
again highlighting a lower turbulence amplification of nor-
mal stresses for control case CC compared to the baseline
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Figure 7: Mean resolved turbulent shear stress together with boundary layer thickness iso-line in white and sonic line in black.
Vertical dotted lines represent suction and injection locations.
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Figure 10: Weighted power spectral density (PSD) of spanwise-averaged wall-pressure probes for all cases studied. Contour:

£-PSD(f)/ [ PSD(f)df. x* = (x — xXimp) / &

configuration. By investigating contours of turbulence pro-
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the deflection of the shear layer towards the suction loca-

tion strongly excites turbulence production. This in turn ex-
plains the higher turbulent kinetic energy level for control
cases CA and CB in this region. As it will be seen below,
the reflected shock dynamics is significantly weakened for
case CC, which possibly explains the overall lower turbu-
lence amplification for this configuration.
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Figure 11: (a) Longitudinal evolution of wall-pressure fluc-
tuations. (b) Weighted power spectral density for all cases
studied. The spectra have been evaluated at the streamwise
locations indicated in Fig. 10.

Fig. 7 shows the resolved mean turbulent shear stress,
the boundary layer thickness evolution (white) and the sonic
line (black) for all cases. For the baseline configuration a
high level of shear stress is found along the detached shear
layer within the interaction region —3 < x* < 1. Its maxi-
mum is located approximately one boundary layer thickness
downstream of the mean reattachment location (x* ~ 1),
confirming the findings by Pirozzoli & Grasso (2006). A
high <u/vr> level is found along the reflected shock, which

is consistent with experimental measurements by Piponniau
(2009) and directly associated with the unsteady shock mo-
tion. The turbulent shear stress changes its sign at the tip of
the incident shock as a consequence of its flapping motion
(Shahab, 2006). For all control cases additional unsteady
shocks can be identified in the vicinity of the injection slots.
At the same location, the formation of shear layers due to
small recirculation zones directly upstream and downstream
of the injection position leads to an increased level of tur-
bulence in this region, which is then convected downstream
and interacts with the original reflected shock. The adverse
pressure gradient induced by the reflected shock bulges the
incoming shear layer, resulting in a spot of increased shear
stress within the interaction zone. This phenomenon is more
pronounced for control cases CA and CC. It is interesting
to note that the flapping motion of the incident shock tip
and the reflected shock dynamics are significantly reduced
for configuration CC.

Considering the overall boundary layer thickness evo-
lution (white line in Fig. 7), one can conclude that the
present control mechanism neither improves nor worsens
the downstream boundary layer.

The influence of the suction location on unsteady as-
pects related to the reflected shock dynamics is investigated
in the following. For this purpose, Fig. 10 illustrates the
wall-pressure spectrum for all cases studied. As already
observed in Fig. 7, all control configurations exhibit addi-
tional low-frequency contents near the injection and suc-
tion position. The broadband peak centered around St ~ 1
after the suction location indicates that none of the inves-
tigated control techniques alters the large-scale turbulence
dynamics upstream of the interaction zone significantly. A
low-frequency peak associated with the reflected shock dy-
namics is still apparent for all three cases but shifted to
higher Strouhal numbers. One could argue that this is a di-
rect consequence of the lower bubble mass (Souverein &
Debieve, 2010). The acoustic coupling provided by the
passive-channel concept explains the same level of low-
frequency content present for the recirculation zones in the
direct vicinity of the suction and injection positions as for
the reflected shock. The characteristic Strouhal number as-
sociated with an acoustic disturbance that travels through
the channel with the local speed of sound is St ~ 0.15,
which is approximately one order of magnitude greater than
the characteristic low-frequencies observed in Fig. 10. We
can therefore exclude influences of an acoustic feedback
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loop through the channel.

Distributions of \/<p/p/>/p.. within the interaction
region are shown in Fig. 11 (a). Large amplifications of the
pressure fluctuations are found around the reflected shock
foot, while secondary peaks can be observed at the dis-
crete suction locations. Besides the change in interaction
length L;,; as already discussed in conjunction with the
wall-pressure evolution, Fig. 9, one can further observe a
significantly lower amplification level for control configura-
tion CC near the reflected shock foot and after the SWBLI,
consistent with previous discussions related to Figs. 8 and 7.
Fig. 11 (b) shows the weighted power spectral density for all
cases evaluated at selected streamwise locations. The spec-
tra f - PSD(f) are plotted in a linear scale against log(f),
resulting in an energetic scaling, since the area under the re-
sulting curve becomes proportional to the energy E2 o of
the signal lying between f, and f}, (Gatski & Bonnet, 2009):

) i
EL = [ rpsD(doer)

The Strouhal numbers associated to the maximum energy
of the signal in the low-frequency range are highlighted.
We measure Strouhal numbers of 0.0135 for NC, 0.0238
for CA, 0.0329 for CB and 0.0242 for CC, thus Sty¢c <
Stca < Stce < Step. The mean bubble mass per unit span,
see Tab. 1, follows the trend myc > mca > mcc > mcp,
supporting the theory of the pulsation of the recirculation
zone being responsible for the low-frequency unsteadiness
observed (Pirozzoli et al. (2010), Grilli et al. (2012)). The
spectra further highlight an increase in energy for control
case CA (see also Fig. 10) compared to the baseline con-
figuration, while all other control cases lead to lower ampli-
tudes.

CONCLUSION

We studied a passive flow-control mechanism for the
interaction of an oblique shock with a turbulent flat-plate
boundary layer. We found that suction applied within the
separation zone significantly alters the turbulence evolution
in this region. Suction acting within the range of the in-
clined detached shear layer (CA and CB) strongly amplifies
turbulence through a deflection towards the discrete suction
slot, whereas suction when applied in the rear part of the
separation bubble (CC) lowers the overall turbulence level.
Of course not only the shear layer contributes to turbulence
amplification, but also the unsteady motion of the reflected
shock. By investigating contours of resolved turbulent shear
stress we found that control configuration CC significantly
reduces the reflected shock dynamics and the flapping mo-
tion associated with the incident shock tip. Both findings
support the observation of reduced turbulence amplification
for this case compared to the baseline configuration without
control (NC).

The influence of the control method on the low-
frequency unsteadiness has been addressed through a
Fourier analysis of wall-pressure probes. All configura-
tions alter the high-energy low-frequency content associ-
ated with the reflected shock by shifting it to higher fre-
quencies, possibly as a direct consequence of the reduc-
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tion in bubble mass. The most upstream suction position
(CB) is most efficient and leads to the lowest bubble mass.
Weighted power spectral densities in energetic scaling re-
veal an increased low-frequency energy level for case CA
and a lowered low-frequency energy level for the cases CB
and CC. The streamwise evolution of wall pressure fluctua-
tions /<p/pl>/pe shows a significant reduction of wall
pressure loads for control case CC around the mean re-
flected shock foot, which is a direct consequence of the mit-
igated reflected shock dynamics.
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