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ABSTRACT

This study focuses on the effect of a sweep angle between
the upstream mean flow direction and the shock plane normal
in a canonical oblique shock wave/boundary layer interaction.
We study a configuration based on the experiments of Bo et al.
(2012): an incident shock impinges on a turbulent boundary
layer developing at free stream Mach number M = 2.7 and
a Reynolds number Reg = 3200. The sweep angle is imple-
mented by adding a spanwise velocity component (crossflow)
at the inflow and enforcing periodicity conditions on the side
boundaries. Several sweep angles are investigated and com-
pared to a canonical unswept case. A viscosity is selected for
each case in an effort to keep a constant Reg across the whole
range of sweep angles. The mean flow structure is analyzed,
showing a strongly skewed flow around the separation zone
that increases in size compared to a reference unswept case.
Pressure loads on the wall surface are also higher for swept
cases; and the characteristic low-frequencies of the flow sepa-
ration also slightly increase.

INTRODUCTION

Shock/boundary layer interaction (SBLI) is a phe-
nomenon commonly found in supersonic airflows. Several dif-
ferent configurations have already been studied (Clemens &
Narayanaswamy (2014)) over the last decades among which
the interaction of an oblique shock impinging on a turbu-
lent boundary layer (TBL) developing on a flat plate. This
setup is known to lead to the formation of a separation bub-
ble, due to the adverse pressure gradient created by the pres-
ence of the shock, as well as a “reflected” shock upstream of
this bubble. This reflected shock/bubble system exhibits low
frequency streamwise oscillations which can be the cause of
detrimental pressure and load fluctuations. Efforts have been
made to reduce the amplitude of these oscillations using con-
trol devices, among which micro-vortex generators. These de-
vices and their impact on impinging SBLI configuration have
been the focus of a recent work (Grébert ef al. (2018)).

Even though SBLI and different control strategies have
already been studied , most of these previous works were done
on “canonical” setups, i.e cases not accounting for potential
three-dimensional effects such as curvature of the wall or a
sweep angle of the shock plane with respect to the incom-
ing flow. These would however be more representative of a
practical configuration of SBLI featuring vertical fins or swept
ramps for instance. The objective of the present work is to ad-
dress this question by investigating the effect of a sweep angle
as shown in figure 1 using Large Eddy Simulations (LES).

Upper boundary

hock generator

Inlet @

Incident shock Reflected shock Outlet

Colormap cut-plane

s e
Bottom wall —
z X Loep

Separation ~ Reattachement
line line

v
Periodicity
Inlet : i 8 condjtions Outlet
u

Figure 1: Schematic representation of a swept configura-
tion of SBLI and associated computational domain. Side
view (top), top view (bottom).

NUMERICAL SETUP

The present LES were performed with the IC3 solver,
which solves the spatially filtered compressible Navier-Stokes
equation using, in our case, spectral difference methods
applied on an unstructured mesh for the spatial discretization.
Spectral difference methods (SD) are based on a polynomial
representation of the solution inside the cell and of the
numerical flow at the interface between cells (Liu er al.
(2006)). Moreover, each control volume of the mesh is
divided into several “spectral points” (also called “degrees of
freedom”, or “nDofs”) where the solution is given and whose
number depends on the order of the scheme used. A 4™ order
spectral scheme is used in the present work for the spatial part,
meaning that each control volume (cv) contains 4 spectral
points in each direction, giving a total of 64 solution points
by cv. The temporal integration uses a 3" order Runge-Kutta
method and no subgrid scale model is used. In order to deal
with discontinuities, we use a limiter specially developed for
high-order compact numerical schemes such as SD methods,
named SWeP (Spatially Weighted Projections). This limiter is
based on a reduction of the order of the polynomial used to
describe the solution at the cells affected by discontinuities
(Lamouroux et al. (2016)).

The size of the computational domain in our simulations
corresponds to Ly x Ly x L; = 59.69; x 17.955; x 8.546;, §;
being the boundary layer thickness at the inlet of the domain
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Table 1: Physical parameters of the simulation

M. T P, Uoo v

27 300K 101kPa 937m/s 30.3°

(8 = 1.12 x 10~3m). The grid is uniform along spanwise (z
coordinate) and longitudinal (x coordinate) directions, except
in the region near the interaction where the longitudinal size
of the cells is reduced to better handle the strong adverse
pressure gradient. With this meshing strategy, we have
A} =[11.5;16.8] and A} = 10.6. The grid in the wall-normal
direction (y coordinate) is gradually refined towards the
bottom wall with A" = [0.6;72.1]. As we do not use any wall
model, this level of precision is needed near the wall to be able
to resolve accurately the viscous sub-layer of the boundary
layer. The mesh results in 1384 x 216 x 260 nDofs in x, y and
z directions respectively, giving a total of around 77.7x10°
nDofs.

The SBLI configuration selected in this work is the one
studied by Grébert et al. (2018) and is based on Bo et al.
(2012) experiments. The physical parameters used in the inlet
of the computational domain, as well as the shock features
(angle of shock y), are summarized in Table 1. Regarding
the boundary conditions (see figure 1 for their location), an
adiabatic wall is used on the bottom boundary, a symmetry
condition is used at the shock generator so that no boundary
layer develops here and, on the upper boundary, value of
the primitive variables of the flow are imposed. For the
outlet, in the supersonic area (outside of the boundary layer)
variables are extrapolated. For the subsonic area (inside the
boundary layer), the value of static pressure is imposed equal
to the mean of the pressure retrieved at the outlet for the
supersonic area. At the inlet, the production of turbulence
is achieved thanks to a “digital filtering” technique based
on a filtering operation applied to statistical data (Touber
& Sandham (2009)). It was first introduced by Klein et al.
(2003) and then modified by Xie & Castro (2008) and Touber
& Sandham (2009). This method presents the advantage
of not introducing any artificial low-frequency mode, as
opposed to recycling or synthetic turbulence techniques. This
is important in the case of SBLI as this phenomenon is known
for displaying low-frequency dynamics. However, turbulence
obtained thanks to digital filtering needs a certain length of
development, around [15-205;], to reach a physical state.

RESULTS

The aim of these simulations is to compare the behaviour
of the mean flow, as well as the unsteady behaviour of the
interaction system for different sweep angles. The sweep
angles () considered in this work are given in Table 2. The
simulations are performed with what is called in the literature
“infinite sweep”, meaning that sweep is obtained introducing
a spanwise (crossflow) velocity component for the incoming
flow and using periodic conditions at the spanwise boundaries.
Thus, in our computational domain, the shock plane stays the
same as in the unswept case but the upstream flow is modified
(figure 1). It should be noted that in the flow configuration
of a swept shock impinging on a boundary layer, two flow
configurations can be observed experimentally regarding the

Table 2: Parameters for the different swept case upstream of
the interaction.

B (°)  we (m/s) Ueo (Pa-s) Reg(x = Xiny) My

0 0 45% 1073 3371 2.7
15 25127  4.681x 107 3367 2.7
20 34132 4.812x1073 3381 2.7

topology of the interaction area depending on the value of
the sweep angle (Padmanabhan et al. (2021)). For low sweep
angles, a cylindrical symmetry is expected, i.e separation
and reattachment lines are parallel, whereas for higher sweep
angles, conical symmetry appears, meaning that the separation
and reattachment lines are no longer parallel. As previously
mentioned, periodic boundary conditions are imposed in
the simulations presented in this work, preventing conical
symmetry of the interaction area, and making it irrelevant to
study these cases with our current numerical setup. According
to Padmanabhan et al. (2021), the limit between cylindrical
and conical symmetries for their configuration, which is quite
close to ours, is 24.7°. This is why we chose to study the
range of sweep angles presented in Table 2, all belonging
to the cylindrical symmetry. It can also be noted that the
Mach number given in Table 2 is the axial Mach number
(My = u/cg) : the added spanwise velocity component has no
influence on the shock itself as its plane is aligned with the
spanwise direction and tangential velocity is conserved. Thus,
the incident shock features (angle y and flow deviation) are
the same regardless of the sweep angle.

It should also be noticed that as upstream velocity magnitude
is increased to reach the desired sweep angle, the viscosity
of the fluid is also increased, with the aim to keep a constant
Reynolds number (as well as constant axial Mach number)
across our sweep angle range. This can be verified in Table
2 that reports very close values for Reg measured at the
interaction location between our different cases.

Boundary layer validation

Before carrying out the swept SBLI computations, the
state of the upstream turbulent boundary layer has to be
assessed. Indeed, we have to make sure that the synthetic
turbulence created at the inlet has developed well and that
it is consistent between our different cases. The turbulent
boundary layer characteristics are shown in figure 2 for
the different sweep angles and compared to DNS data or
correlations from the literature. The value of incompressible
friction coefficient Cf; is obtained thanks to the van Driest II
transformation (Van Driest (1956)) :

Ty/To — 1
Cf,':FCwaithFcziw/. 5
arcsin~ o l)
Ty/To— 1 (

and o =

Ty /To(Ty /T — 1)

with 7,, the wall temperature. This allow to compare
our data, obtained from compressible simulation, with
incompressible data or correlations, like Karman-Schoenherr
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(KS) or Blasius (BL) (Hopkins & Inouye (1971)) :

1
17.081og(Reg,)? +25.1110g(Req,) +6.012

2
0.026 . Hoo
CfBL = W7 with Regi = ERee

Cfks =

Wy, being the dynamic viscosity at the wall.
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Figure 2: Top : Time and spanwise-averaged incom-
pressible friction coefficient, based on longitudinal and
spanwise velocity components (u and w) over the bottom
wall, upstream of the interaction. Bottom : Reynolds
stress tensor components (spanwise-averaged), values
are made dimensionless by taking into account # and w.

The shift in Reg, observed on the upper image of figure 2
when the sweep angle increases can be explained by the fact
that as 8 goes up, U, increases more than does f,, (which is
obtained from 7, with a power law). The development length
of the turbulence can clearly be seen looking at the undershoot
of Cf;,, near the inlet of the domain. More downstream, all
curves can be found at reasonable Cf; levels compared to the
correlation, and pretty close to each other. On the bottom fig-
ure, the Reynolds stress tensor components are globally close
to the DNS results. Differences can however be observed, par-
ticularly for the < #/v/ > component which is overestimated
over the whole profile compared to the reference data.

SBLI results and sweep effects

Regarding the SBLI simulations, the mean flow is stud-
ied first, especially near the interaction zone. Time-averaged
skin friction lines are presented in figure 3, where they are su-
perimposed to a colormap displaying the difference between
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Figure 3: Time-averaged skin-friction lines superimposed to
a colormap displaying the gap between the reference angle
and the actual computed angle arctan(< w > / < u >) at the
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Figure 4: Top : Evolution of C, = (P, — P.)/(YPM?2/2),
time-averaged pressure coefficient. Bottom : evolution of
C fy, time-averaged x-wise skin friction coefficient around
the separated area. The horizontal dashed line corresponds
to Cfy = 0, used to delimit the extent of the separation

bubble.

the prescribed sweep angle and the actual angle of the flow
with respect to the longitudinal (x-wise) direction. This mea-
sure was chosen because it provides a clear visualization of the
separated area. This zone seems to grow in size as the sweep
angle increases. This observation is comforted by the study of
the x-wise skin friction coefficient (defined using the longitudi-
nal component of the wall shear stress) along the bottom wall
which shows a greater separated area (zone where Cf; < 0)
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Figure 5: Maps of time-averaged longitudinal velocity. Incident
and reflected shocks locations (extrapolated inside the boundary
layer) are marked with dashed lines. Mean separation location is
located with white circle and mean reattachment point with white
square. Scale is the same for the 3 maps and ranges from u = 0
t0 U = Uoo. From top to bottom : f =0°, f = 15° and f = 20°.

when the sweep angle increases, as seen in figure 4 (bottom).
A possible explanation for this phenomenon, also presented
by Larsson er al. (2022), is that the wall being adiabatic and
the overall Mach number increased by the added swept, the
wall temperature at a given longitudinal location is higher for
a higher sweep angle. This induces a decreased near-wall den-
sity, and thus decreased near-wall inertia, leading to an up-
stream shift of the separation line. The different separation
lengths and wall average temperatures (given for x = 356;, at
a location just upstream of the interaction) are specified in Ta-
ble 3. As it stands, we cannot ensure that temperature alone
plays the dominant role in the growing of the separated area.
Indeed, a study involving constant wall temperature across the
whole sweep angle range would be needed to discriminate the
different possible effects (see Larsson et al. (2022) for such
a study). In addition to the longitudinal size of the separa-
tion bubble, one can take an interest in the wall-normal size of
said bubble. Figure 5 shows maps of time-averaged longitudi-
nal velocity (u) in the x —y plane around the interaction zone.
The separation bubble is found to grow slightly in size as the
the sweep angle increases, even if the differences remain very
small and are not easy to discriminate on the figure.

In order to investigate the behaviour of the flow away
from the wall, we present in figure 6 the streamlines at four
y-locations distributed across the thickness of the inlet bound-
ary layer (i.e. for 0 < y < &) for the the swept cases § = 15°
and § = 20°. It can clearly be seen that the flow is highly de-
viated near the separation and reattachment lines, and that the
closer to the wall, the more important the deviation. This leads
to a strongly skewed flow around the separation zone, which
makes it prone to develop flow instabilities in this region. Fur-
ther downstream, the flow tends to recover towards the ex-
pected post-shock direction, beyond x/8; = 50, even though
a full recovery is not reached before the end of the computa-
tional domain. Figure 7 displays the streamwise evolution of
the angle of the flow with respect to the x axis (i.e. arctan(<
w > / < u >)). The above-mentioned remarks are confirmed

by theses curves that also show a complete reversal of the flow
direction (obtained when arctan(< w > / < u >) > 90°) inside
the separated region for the layers of the flow the closest to the
wall.
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Figure 6: Streamlines for different wall-normal altitudes, ranging
from the wall (skin-friction lines are plotted in that case) to y =
6. Top : B = 15°, bottom : § = 20°
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Figure 7: Flow angle with respect to x axis (given by arctan(<
w > / < u >)) for different wall-normal altitudes, ranging from
the wall (angle of skin-friction lines are plotted in that case) to
y = ;. The horizontal full line situated at 90° allow to see where
the flow is reversed. Horizontal dashed line shows the upstream
imposed sweep. Top : f = 15°, bottom : = 20°.

As seen on figure 4 (bottom), both the separation and
reattachment points move (upstream and downstream respec-
tively) when sweep is added. Moreover, the difference of Ly,
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Table 3: Comparison between separation length and tempera-
ture upstream of interaction

B() Lep/&i Tw(x=358)/T

0 4.84 2.18
15 5.01 2.25
20 5.24 2.31

is greater between 20 and 15 degrees than the one seen be-
tween 0 and 15 degrees, despite a similar increase in wall tem-
perature in both cases.

In addition to the effect on mean flow properties, it can be
expected that the introduction of a sweep angle could also have
an impact on the unsteady dynamics of the interaction. Fig-
ure 8 shows maps of spanwise-averaged Power Spectrum Den-
sities (PSD) of wall pressure fluctuations. On the upper fig-
ure, the characteristic spectrum of a canonical unswept SBLI
can be observed with low frequencies near the separation line.
These frequencies are typically found to be two orders of mag-
nitude below the ones associated with the upstream turbulent
boundary layer. According to Piponniau et al. (2009), who de-
veloped a model for the low frequency unsteadiness of SBLI,
a value of Strouhal Stljs, = f - Lsep/Us = 0.03 should be
observed for a flow with an upstream Mach number above 2.
Downstream of the interaction, intermediate frequencies tend
to dominate and are linked with shear layer vortices developing
at the edge of the separation bubble. These observations are in
line with several previous numerical and experimental studies
(Dupont et al. (2006), Touber & Sandham (2009), Priebe &
Martn (2012), Grilli ef al. (2012)). When a spanwise velocity
is added, peaks associated with higher frequencies appear near
the average separation location. As seen on figure 8, values of
Stlpsep 0f 0.1, 0.18 and 0.2 exhibits high energetic content. For
B = 20°, we can moreover see a shift of the lowest-frequency
peak from Stly ., = 0.03 to Stlpgp = 0.05.

The intensity of the fluctuating pressure loads at the wall
around the interaction area is also of particular importance
in practical applications. To quantify this, we use a metric
introduced by Grébert et al. (2018), defined as follows:

(Fg?) (x)

0= w

with Fg(x,t) = /Pw(x,z,t)ds S
Z

Figure 9 shows the evolution of /i (x) along x axis for
the 3 sweep angles studied. It can be observed that adding a
spanwise velocity component induces higher intensity of pres-
sure loads, even though the maximum level presented here for
the B = 15° case is higher than the f = 20° one right after
the reflected shock (around x/68; = 38). Further downstream,
the higher the sweep angle, the higher the 1 (x). The effect
of a crossflow is thus potentially detrimental for the structural
loading of the surfaces involved in this type of configurations.
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Figure 8: Spanwise-averaged PSD spectra of wall pressure fluc-
tuations. From top to bottom : f§ = 0°, B = 15°, B = 20°.
PSD are normalized by local integral [ PSD(x, f)df. Xeep and
x; stands for the mean locations of separation and reattach-
ment respectively. The horizontal dashed lines are located at
Stlpsep = 0.03 and Stlj ., = 0.06
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Figure 9: Streamwise evolution of the pressure loads intensity
11/”5' (xx) for the 3 sweep angles.
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SUMMARY

In this work, several LES simulations have been
conducted in order to compare swept and canonical
shock/boundary layer interaction configurations. Results show
that the sweep angle affect both the average flow and the un-
steady low-frequency dynamics of the SBLI. The size of sep-
arated flow grows with the sweep angle, which can be linked
to an increased wall temperature due to the added transverse
velocity and the adiabatic nature of the wall. Around the sep-
arated bubble, the flow is highly skewed for the swept cases,
which is favorable to the development of instabilities. It then
gently recovers the expected post-shock direction. Pressure
loads on the wall surface are higher for swept cases, which can
be detrimental in real-life configurations such as supersonic
air-intakes. The well-known unsteadiness of SBLI configura-
tions is also altered by the presence of sweep, its characteristic
low-frequency being slightly shifted to higher values.
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