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Unsteady mechanisms in shock wave and
boundary layer interactions over a forward-facing
step

Weibo Hu'-2, Stefan Hickel'>+ and Bas W. van Oudheusden'

!Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629HS Dellft,
The Netherlands

2State Key Laboratory of Aerodynamics, 621000 Mianyang, PR China
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The flow over a forward-facing step (FFS) at Mas, = 1.7 and Res, = 1.3718 x 10* is
investigated by well-resolved large-eddy simulation. To investigate effects of upstream
flow structures and turbulence on the low-frequency dynamics of the shock wave/boundary
layer interaction (SWBLI), two cases are considered: one with a laminar inflow and one
with a turbulent inflow. The laminar inflow case shows signs of a rapid transition to
turbulence upstream of the step, as inferred from the streamwise variation of (Cy) and
the evolution of the coherent vortical structures. Nevertheless, the separation length is
more than twice as large for the laminar inflow case, and the coalescence of compression
waves into a separation shock is observed only for the fully turbulent inflow case. The
dynamics at low and medium frequencies is characterized by a spectral analysis, where the
lower frequency range is related to the unsteady separation region, and the intermediate
one is associated with the shedding of shear layer vortices. For the turbulent inflow
case, we furthermore use a three-dimensional dynamic mode decomposition to analyse
the individual contributions of selected modes to the unsteadiness of the SWBLI. The
separation shock and Gortler-like vortices, which are induced by the centrifugal forces
in the separation region, are strongly correlated with the low-frequency unsteadiness in
the current FFS case. Similarly as observed previously for the backward-facing steps, we
observe a slightly higher non-dimensional frequency (based on the separation length) of
the low-frequency mode than for SWBLI in flat plate and ramp configurations.
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1. Introduction

Shock wave/boundary layer interactions (SWBLIs) are omnipresent in high-speed
aerodynamics such as supersonic inlets, over-expanded nozzles, high-speed aerofoils
and space launchers, and have received considerable attention over the past decades
(Green 1970; Dolling 2001). It is reported widely that SWBLIs feature complex unsteady
dynamics over a broadband frequency spectrum. The strong fluctuations of pressure
and friction forces accompanying this flow phenomenon can induce intense localized
mechanical and thermal loads, even possibly leading to the failure of material and
structural integrity (Délery & Dussauge 2009; Gaitonde 2015).

Although SWBLIs are observed on various types and parts of aircraft, two-dimensional
SWBLIs can be abstracted into four canonical configurations: (1) incident (impinging/
reflecting) shock, (2) compression ramp, (3) backward-facing step (BFS), and (4)
forward-facing step (FFS). Many efforts have been made, and much progress was
accomplished by means of advanced flow measurement techniques and well-resolved
numerical simulations, especially for the compression ramp and impinging shock
configurations. As we can see from figure 1, typically the interaction region of those four
configurations forms an approximately triangular structure, consisting of the separation
shock (except for the BFS configuration), shear layer and reattachment shock (Babinsky
et al. 2011). However, there are some differences of the flow structures. For the
impinging/reflecting shock case, the separation bubble is caused by the strong adverse
pressure gradient induced by the incident shock. In the BFS case, the separation is caused
by the sudden geometry expansion at the step edge. In contrast, for the compression
ramp and FFS cases, the separation in these two configurations is produced by the
flow compression due to the contraction of the geometry. In the published literature,
including our previous work (Grilli, Hickel & Adams 2013; Pasquariello, Hickel & Adams
2017; Hu, Hickel & van Oudheusden 2021), the first three SWBLI geometries have
been well investigated, whereas seldom has attention been paid to the FFS. In the FFS
configuration, the boundary layer separates far upstream of the step and reattaches on
the step wall or downstream of the step. Compression waves are generated around the
separation point due to the deflection of the shear layer by the recirculating flow region.
These compression waves then coalesce into a separation shock away from the wall.
A second compression wave system can form in the vicinity of the step as the flow
reattaches on the step wall. An expansion fan is formed as the flow turns around the step
corner in the direction tangential to the upper surface. There may also be a small secondary
separation and reattachment on the upper wall (Zheltovodov 1996).

For all the geometries shown in figure 1, the interaction system features large-scale
unsteady motions whose frequencies are usually one or two orders lower than the boundary
layer integral frequency uo./8 (Touber & Sandham 2009, 2011). Generally, there are two
main groups of theories regarding the source of the low-frequency unsteadiness, which
are referred to as the upstream and downstream dynamics (Clemens & Narayanaswamy
2014). Theories of the former kind attribute the low-frequency motions of the shock
to the velocity or pressure fluctuations within the incoming turbulent boundary layer
(Plotkin 1975). In extensive existing experimental and numerical studies, these upstream
oscillations of flow variables have been observed in various forms, including the bursting
events in the upstream boundary layer, as inferred from the pressure measurements of
a compression ramp by Andreopoulos & Muck (1987), and elongated superstructures
with low- and high-speed streaks observed in the stereoscopic/tomographic particle
image velocimetry (PIV) and planar laser scattering (PLS) measurements in both the
compression ramp (Ganapathisubramani, Clemens & Dolling 2007) and the incident shock
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Figure 1. Mean flow structures of SWBLIs in canonical two-dimensional configurations (Babinsky et al.
2011): (a) impinging shock, (b) compression ramp, (¢) backward-facing step, and (d) forward-facing step.
(PME stands for the Prandtl-Meyer expansion.)

case (Humble et al. 2009). A simple linear restoring model, in which the shock is displaced
by the upstream velocity fluctuations and tends to restore to its mean position driven by the
stability of the mean flow, was proposed to explain the physical connection between the
shock oscillations and the fluctuations inside the upstream boundary layer (Plotkin 1975;
Beresh, Clemens & Dolling 2002). Another model ascribes the low-frequency motions to
the selective amplification/response dynamics of the separation bubble driven by certain
large-scale perturbations in the upstream boundary layer (Touber & Sandham 2011; Porter
& Poggie 2019).

Theories of the second kind consider the low-frequency behaviour as being determined
by the downstream interaction region. There is ample evidence that the low-frequency
motions of the separation shock are related to the unsteady behaviour of the separation
region (Erengil & Dolling 1991; Thomas, Putnam & Chu 1994; Dupont, Haddad &
Debieve 2006). Several hypotheses have been proposed to explain the downstream
dynamics of the low-frequency unsteadiness. Touber & Sandham (2009) found an unstable
global mode inside the separation bubble from their global linear stability analysis, which
excites a forcing source for the low-frequency unsteadiness by displacing the separation
and reattachment points. Grilli et al. (2012) propose that mixing across the separated
shear layer is the main contributor to the low-frequency contraction and expansion
of the separation bubble. Based on direct numerical simulations (DNS) of a Mach
2.25 impinging shock case, Pirozzoli & Grasso (2006) believe that the low-frequency
oscillations are caused by a resonance between the bubble and incident shock. During
this process, acoustic waves are produced by the interaction between coherent structures
in the bubble and the incident shock, and then these acoustic waves propagate upstream,
leading to the low-frequency behaviour of the SWBLI system. Piponniau et al. (2009)
proposed an entrainment-injection model to explain the underlying mechanism of the
low-frequency unsteadiness. They believe that a gradual contraction of the separation

949 A2-3


https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

W. Hu, S. Hickel and B.W. van Oudheusden

bubble is caused by a continuous mass entrainment by the separated shear layer, which
is then periodically compensated by a reverse mass flow that causes the dilatation of the
separation bubble. This model was examined further by Wu & Martin (2008) in their
DNS of a compression ramp. Several numerical works reported streamwise-elongated
Gortler vortices originating around the reattachment location in both the impinging shock
and compression ramp configurations (Grilli ef al. 2013; Priebe et al. 2016; Pasquariello
et al. 2017). By means of dynamic mode decomposition (DMD) analysis, a group of
low-frequency modes was identified that show a strong correlation of low-frequency shock
dynamics with the momentum streaks induced by Gortler-like vortices (Pasquariello et al.
2017). The Gortler instability is thus a possible forcing mechanism of the low-frequency
SWBLI dynamics.

Souverein et al. (2010) proposed that the dominant mechanism of the low-frequency
SWBLI depends on shock strength and Reynolds number. In a weak SWBLI, upstream
effects are the main cause of the low-frequency unsteady motions, while the downstream
dynamics of the separation bubble is the dominant mechanism of the unsteadiness in
strong SWBLI (Clemens & Narayanaswamy 2014). As indicated by Priebe et al. (2016)
and Hu et al. (2021), although the downstream Gortler vortices may be the possible origin
of the low-frequency unsteadiness, there are still certain dependencies on the perturbation
environment provided by the upstream boundary layer.

Specific to the FFS configuration, early experimental works have confirmed the
low-frequency pressure and energy fluctuations in the separation region (Kistler 1964;
Behrens 1971). White & Visbal (2015) calculated the premultiplied power spectral density
of the wall pressure from a numerical simulation, and found that the value of the dominant
low frequency is approximately two orders lower than that of the wall turbulence. Recent
PIV experiments also observed these unsteady motions of the interaction system (Zhang
et al. 2016). The origin of the low-frequency unsteadiness was investigated in several
recent studies. By means of a correlation analysis based on PIV measurements, Murugan
& Govardhan (2016) found that the location of the separation shock is well correlated
to the separation bubble area but only weakly connected to the disturbances within
the upstream boundary layer. On the other hand, the compression waves around the
shock foot are strongly connected to the spanwise-aligned high- and low-speed streaks
in the upstream near-wall boundary layer. Therefore, they believe that the upstream
three-dimensional disturbances contribute most to the low-frequency unsteadiness of the
interaction system in the FFS configuration. Simonenko, Zubkov & Kuzmin (2018) also
observed the longitudinal streaks, generated by a counter-rotating vortex pair, upstream of
the step in their numerical results. Estruch-Samper & Chandola (2018) proposed a physical
mechanism involving both upstream and downstream effects. Different from the physical
model proposed by Piponniau er al. (2009), they also take into account the response of
the upstream boundary layer to the separated shear layer, and believe that the induced
shear layer instabilities are independent of the downstream dynamics according to the
free-interaction theory. The downstream effects are caused by the entrainment of the mass
flow as the shear layer is shedding downstream, and the recharging of the separation bubble
when the shear layer reattaches on the downstream wall. The frequency of the bubble
breathing scales effectively as the ratio of the mass ejection rate to the reversed flow rate.
Based on these observations, they believe that the separated shear layer is the main driver
of the low-frequency unsteadiness.

Similar to the aforementioned studies of impinging shock and compression ramp cases,
there is also no general consensus on the source of the low-frequency unsteadiness in
the FFS configuration. Since the flow topology in the FFS shares many similarities with

949 A2-4


https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

Shock boundary-layer interactions at a forward-facing step

the compression ramp, one can assume that the low-frequency dynamics is governed
by similar mechanisms, such as possible effects of the upstream disturbances, the
counter-rotating vortices and the downstream entrainment-recharging process. However,
it remains an open question whether the conclusions obtained for other configurations,
including our previous work on BFS (Hu et al. 2021), can be applied similarly to
the FFS configuration. To scrutinize the dominant mechanism of the low-frequency
unsteadiness, experiments or simulations with different levels of upstream disturbances
would be required at otherwise identical flow parameters. Towards this end, we perform
well-resolved large-eddy simulations (LES) of two FFS flows at freestream Mach number
Ma = 1.7 and Reynolds number Res, = 13 718 based on the boundary layer thickness, the
first with a low-perturbation laminar inflow boundary layer, and the second with a fully
developed turbulent inflow boundary layer. Both cases are then analysed and compared,
with special attention paid to flow structures and low-frequency dynamics in order to
identify correlations and a possible physical mechanism of the low-frequency unsteadiness
in supersonic FFS flows.

The paper is structured as follows. Details of the numerical methods and the set-up of the
flow configuration are given in § 2. Then the flow topology of the mean and instantaneous
flow is discussed in § 3. The characteristic frequencies of the significant unsteady motions
are analysed using spectral analysis. Finally, dominant modes in the SWBLI are extracted
via a three-dimensional DMD. By comparing the laminar and turbulent cases, a physical
mechanism of the low-frequency unsteadiness source is proposed in § 4. The conclusions,
with a summary of the main results, are presented in § 5.

2. Problem formulation and set-up
2.1. Governing equations

The physical problem is governed by the three-dimensional compressible Navier—Stokes
equations with appropriate boundary and initial conditions, and the constitutive relations
for an ideal gas. These equations are composed of the continuity, momentum and total
energy equations:

ap
— 4+ — =0, 2.1
” + ox (p )= (2.1)
opu;
7" + P (puiuj + 8;ip — j) =0, (2.2)
0E 0
Friie o (uiE + uip — ujTj + gi) =0, (2.3)

where p is the density, p is the pressure and u; is the velocity vector. The total energy E is
defined as
p 1

E = ﬁ + = 5 PUilL;. 2.4)
The viscous stress tensor t;; follows the Stokes hypothesis for a Newtonian fluid,
ouj  Juj 2 duy
=gt i 30ge): >
and the heat flux ¢; is determined by Fourier’s law,
qi = —k 0T /0x;. (2.6)
949 A2-5
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Figure 2. Schematic of the region of interest, which is in the centre part of the computational domain. The
figure represents a typical instantaneous numerical schlieren graph in the x—y cross-section from the turbulent
inflow case. The blue dashed and solid lines signify isolines of u = 0 and u/u, = 0.99 from the mean flow
field.

The fluid is modelled as a perfect gas with specific heat ratio ¥ = 1.4 and specific gas
constant R = 287.05Jkg~! K~!, following the ideal gas equation of state

p = pRT. 2.7)

The dynamic viscosity ¢ and thermal conductivity « are functions of the static temperature
T, and are computed according to Sutherland’s law:

Trep +S ( T\
SR : 2.8
W = Wref T+S (Tref) (2.8)

YR

The parameter values selected for the computations are p,r = 18.21 x 10~%Pas,
Trer =293.15K, S = 110.4K and Pr = 0.72.

2.2. Flow configuration

The present configuration is an open FFS (i.e. no upper wall) with a supersonic laminar
or turbulent boundary layer inflow, a schematic of which is shown in figure 2. The Mach
number of the freestream flow is Ma~, = 1.7, and the Reynolds number is Res, = 13718,
based on the inlet boundary layer thickness 8§y (99 % of us,) and freestream viscosity.
The freestream flow parameters are summarized in table 1, where the freestream static
flow parameters are marked with subscript oo, and stagnation parameters are indicated
with subscript *. For the laminar inflow case, the size of the computational domain
is ([—120, 40] x [0, 33] x [—8, 8])dg in the x,y, z directions, while it is ([—70, 40] x
[0, 33] x [—8, 8])d¢ for the turbulent case. The FFS is located at x = 0; see figure 2. We
use a much longer upstream length of 120§¢ in the laminar case to avoid that the separation
shock reaches the inflow boundary during the startup transient of the calculation. In
the turbulent case, the upstream turbulent boundary layer is able to resist this upstream
propagation; thus a smaller domain size is allowed, which reduces the computational
effort. The origin O of the Cartesian coordinate system is placed at the bottom corner
of the step. The step height is 4 = 3§, three times the size of the inlet boundary layer
thickness.

2.3. Numerical method

We use the LES method proposed by Hickel, Egerer & Larsson (2014) to solve the
governing equations (2.1)—~(2.9), in which the sub-grid scale model is fully merged into
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Max Uoo 3o Reoo T Px Poo
1.7 469.85ms~! 1mm 1.3718 x 107 300K 1x 10°Pa 20259Pa

Table 1. Main flow parameters of the laminar inflow and turbulent inflow cases.

a nonlinear finite-volume scheme provided by the adaptive local deconvolution method
(ALDM) (Hickel, Adams & Domaradzki 2006; Hickel et al. 2014). The ALDM uses
nonlinear flow sensors to adjust the model dynamically for isotropic or anisotropic
turbulence (such as in boundary layers), to switch it off in smooth laminar flows, and
to activate a shock-capturing mechanism. The resulting scheme allows us to capture
shock waves while smooth waves and turbulence are propagated accurately without
excessive numerical dissipation with a similar spectral resolution (modified wavenumber)
as provided by sixth-order central difference schemes (Hickel ef al. 2014). The viscous flux
is discretized by a central difference scheme, and time marching is achieved by an explicit
third-order total variation diminishing Runge—Kutta scheme (Gottlieb & Shu 1998). This
LES method has been validated successfully for various supersonic flow cases, including
SWBLIs on a flat plate (Matheis & Hickel 2015; Pasquariello et al. 2017) and compression
ramp (Grilli et al. 2012, 2013), and transition between regular and irregular shock patterns
in SWBLI (Matheis & Hickel 2015), as well as being used in our previous work on SWBLI
in transitional and turbulent BFS flows (Hu, Hickel & van Oudheusden 2019; Hu et al.
2021). More details about the numerical method can be found in the related literature
(Hickel et al. 2006, 2014).

A block Cartesian mesh with local refinement is used to provide appropriate boundary
layer resolution at reasonable cost. The mesh is generated beforehand and not dynamically
adapted for the simulations presented in this paper. Information between the Cartesian grid
blocks is exchanged through ghost cells, which are communicated via the message passing
interface (MPI) library. At regular block interfaces, these ghost cells contain a copy of
the solution of the neighbour block. At irregular block interfaces, the ghost cell solution
(density, momentum and energy) is obtained by third-order conservative interpolation.
Fluxes across an irregular block interface are always computed on the fine side, and the
sum of the fine side fluxes is used on the coarse side.

Boundary conditions are imposed as follows. The step and wall are assumed to be
adiabatic surfaces with no-slip velocity conditions. At the outflow, all the flow variables
are extrapolated. On the top of the domain, non-reflecting boundary conditions based
on Riemann invariants are imposed. Periodic boundary conditions are applied in the
spanwise direction. For the laminar inflow case, an undisturbed compressible self-similar
zero-pressure-gradient laminar boundary layer profile is imposed at the inlet. To eliminate
any downstream-originating perturbations reaching the inflow boundary through the
subsonic wall layer, a selective frequency damping method is applied in a small region

downstream of the laminar inlet (Akervik et al. 2007; Casacuberta et al. 2018). For
the turbulent inflow case, we generate appropriate unsteady inflow conditions with the
digital filter technique (Klein, Sadiki & Janicka 2003). Data from Petrache, Hickel &
Adams (2011) are used to specify realistic integral length scales and mean boundary layer
profiles.
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-3 -2

x/8,

Figure 3. Details of the numerical grid in an x—y plane near the forward-facing step.

Grid Gy G. Gy
Number of cells 15.3 x 10° 15.3 x 100 30.6 x 10°
Axh X Ayh ox Azb T2x09x18  36x09x36  36x0.9x 18
Tuse /80 500 500 500
Atugs /8o 0.25 0.25 0.25

Table 2. Numerical parameters for the grid sensitivity study.

2.4. Grid sensitivity study

Three grids with different resolutions, denoted by G,, G, and Gy, are considered to
study the grid sensitivity. All three meshes are sufficiently refined near all walls with
yT < 0.9 (except the singular step corner where y™ ~ 1.0). The configuration Gy is the
finest grid and used for the main computations, the topology of which is displayed in
figure 3. To evaluate the grid sensitivity, the number of cells in the streamwise direction
is halved for configuration G,, while the number of cells in the spanwise direction is
halved for G.. The resulting spatial resolution Ax,t . x Ayt —x Az —in wall units is
72 x 0.9 x 18 for grid Gy, 36 x 0.9 x 36 for G, and 36 x 0.9 x 18 for Gy, for the entire

domain (Ax},. =~ 1.0 on the vertical step wall). The temporal resolution, i.e. the time

step, is approximately Afus /8o = 2.5 x 1073 for all grid configurations, corresponding
to a Courant—Friedrichs—Lewy condition CFL < 0.5. The numerical parameters of these
three grid configurations are summarized in table 2. After an initial transient of 60080 /00
during which the flow field reached a fully developed statistically steady state, statistics
were collected every At us /80 = 0.25 over an interval of another 50080 /u~o, yielding an
ensemble size of 2000 instantaneous events.

To examine the grid sensitivity, the van Driest transformed mean velocity profile and
Reynolds stresses in Morkovin scaling are extracted at x/69 = —50.0, where Re; = 370
and Rey = 2100 based on the obtained statistics, as shown in figure 4. For comparison,
figure 4 also includes the theoretical law of the wall, as well as the incompressible DNS
data of Schlatter & Orlii (2010) at Re; = 360 and Rey = 1000. The mean velocity profiles
for all three grid configurations are in excellent agreement with both the logarithmic law
of the wall (with the constants x = 0.41 and C = 5.2) and the DNS data. In terms of the
Reynolds stresses, all grid levels give very similar results, but the two coarser grids G, and
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(@) 30 ()
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100 10! 102 103 100 10! 102 103
y y

Figure 4. Mean profiles of the upstream turbulent boundary layer in inner scaling at x/89 = —50.0 with Re; =
370 and Rey = 2100: (a) van Driest (VD) transformed mean velocity profile; (b) Reynolds stresses R;;. The
normal Reynolds stresses v/(u't/) T, /(v/v/) T, and /(w/'w/) T are scaled by & = /p/(p,t2), and the Reynolds
shear stress (1/v')" is scaled by & = p/ (pwu%). Dot-dashed lines denote the law of the wall; solid lines denote
the selected grid Gy; dotted lines denote the grid G,; and dashed lines denote the grid G,. The grey circles
denote incompressible DNS data of Schlatter & Orlii (2010) at Re, = 360 and Reg = 1000.

G show slightly higher peaks of the streamwise Reynolds stress. The Reynolds stresses
obtained on mesh Gy are in excellent agreement with the reference DNS data. All results
shown in the remaining sections have been obtained on the finest mesh, Gy.

3. Results
3.1. Mean flow organisation

The flow field over an FFS displays the typical characteristics of an SWBLI system, as
shown in figure 5. The step height or separation height is chosen as the reference length
in the following discussion for consistency with previous work (Piponniau et al. 2009;
Estruch-Samper & Chandola 2018). The incoming flow is deflected upwards by the step,
which results in the formation of compression waves upstream of the step. As the detached
flow travels over the recirculating region and reattaches on the step wall, compression
waves are generated near the step corner. The reattached shear layer undergoes a centred
Prandtl-Meyer expansion (PME) at the convex step corner. There is a very small separation
bubble and a weak reattachment shock on the upper wall behind the step; see figure 6(b).
Further downstream, the boundary layer starts to relax towards an equilibrium state. There
are some noticeable differences between the laminar and turbulent cases. In the turbulent
case, the compression around the separation location is stronger and results in a separation
shock with an angle of approximately 45.6° with respect to the streamwise direction. The
laminar case shows a much more gradual compression and a longer separation length due
to the lower resistance to the adverse pressure gradient.

The mean separation length can be quantified by the location of zero mean skin friction
(Cr), shown in figure 6. Note that the inlet boundary condition is at x/8y = —120.0
(x/h = —40) for the laminar case, and x/39 = —70.0 (x/h = —23.3) for the turbulent
case. The mean skin friction of both cases shows qualitatively the same behaviour,
indicating the compression and separation upstream of the step. The curve of the laminar
case decreases gradually and reaches the value (Cr) = 0 at x/h ~ —25. Then the mean
skin friction remains at an almost constant low level upstream of the separation bubble
(x/h <= —11.0), suggesting that the boundary layer remains laminar far upstream of
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Figure 5. Density contours of the time- and spanwise-average flow fields for (@) the laminar case and (b) the
turbulent case. The black dashed and solid lines denote isolines of # = 0.0 and u/u, = 0.99. The white dashed
line signifies the isoline of Ma = 1.0.

(x107%)

\"——————-—————~

-1.00 —0.75 —0.50 -0.25 0 0.25 0.50 0.75 1.00
x/h

Figure 6. Streamwise distribution of the mean skin friction: (@) the region of interest over a large streamwise
range; and (b) a zoom of the region near the step. The time- and spanwise-averaged values are indicated by
the black solid lines (laminar case) and blue dashed lines (turbulent case). The vertical dotted lines denote the
mean separation (top) and reattachment (bottom) locations for the two cases.
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the step. Although this shows that the boundary layer actually separates at x/h ~ —25
already, significant reversed flow is identified only downstream from x/h = —11.7 as (Cy)
remains near zero for —25 < x/h < —11.7. The mean skin friction continues to decrease
slowly in the fore part of the recirculation region (x/h < —2.3). Then (Cy) drops drastically

towards an overall minimum (Cr) ~ —2.7 x 1073 close to the step, followed by a sharp
increase across the step as the flow reattaches on the FFS wall at y/h = 0.6; see also
figure 5(a). Further downstream, the flow reattaches again on the upper wall of the step
at x/h ~ 0.15 following a small separation region (negative (Cy) values occur in the
range 0 < x/h < 0.15). Downstream of this location, the mean skin friction increases

significantly and reaches a local maximum (Cy) ~ 3.3 x 1073 at x/h = 0.6. After a
smooth decrease of (Cy), the mean skin friction remains at a typical turbulent level with
(Cr) = 2.8 x 10~3 downstream.

For the turbulent case, the curve of the mean skin friction follows a trend similar to that
of the laminar case, but with a very different level and gradient. The initial variation of
the skin friction in the turbulent case (—23.3 < x/h < —20) is caused by the digital filter
technique as the turbulent boundary layer needs to develop physically meaningful coherent
structures over a short distance (3.34). After the initial transient region, the mean skin
friction decreases slowly in the region x/h < —7.8, as the local Reynolds number increases
along the streamwise distance. Then (Cy) drops abruptly upstream of the separation point
(x/h = —4.3). The mean skin friction remains at a relatively constant negative level in the
fore part of the separation bubble. At x/h = —1.1, the mean skin friction starts to drop
drastically and reattaches its minimum very close to the wall. As the recirculating flow
reattaches on the vertical wall of the step at y/h = 0.7 (see also figure 5b), (Cy) reaches a
zero value. Behind the step, (Cr) follows a trajectory similar to the laminar case, but with
a larger length of the second separation bubble (L, = 0.23h).

The separation length obtained for our turbulent inflow case (L; = 4.3h) is centred
within the range reported for existing experiments (normalized by the step height
Ls &~ 3.9h-5.1h); see table 3. The flow parameters and observed separation length of
our LES are almost identical to those in the experiments of Czarnecki & Jackson (1975).
Zukoski (1967) states in a review paper that the normalized separation length is Ly &~ 4.2h
and is roughly independent of the step height and Mach number if §/4 < 0.83 and
2.0 < Ma < 4.0 in the turbulent regime, and that Lg/h increases if the Mach number
decreases, which is also consistent with the results for the current set-up (Mas, = 1.7).

Figure 7 provides a comparison of the mean wall pressure distribution along the
streamwise direction for the laminar and turbulent cases. The wall pressure of the laminar
case remains at a constant value (p,,)/poo =~ 1.0 upstream of the separation region, and
starts to increase slowly from x/h ~ —28. From x/h = —9.3, the wall pressure grows more
rapidly and reaches a plateau value (p,,)/pc = 1.4 between —2.3 < x/h < —1. Close
to the step, (p,,) increases significantly to a local maximum (p,,)/poo = 1.6 as the flow
reattaches on the step. Immediately behind the step, the wall pressure drops drastically and
then returns to its initial level after undergoing expansion and reattachment on the upper
wall. For the turbulent case, the wall pressure ratio starts to increase at about x/h = —9 and
forms a plateau at (p,,)/psc = 1.81 inside the recirculation region. This plateau pressure
is close to the value 1.84 obtained from the empirical formulation p,,/pec = 0.5Ma, + 1
reported in FFS cases and other SWBLI cases (Pasquariello et al. 2017; Estruch-Samper
& Chandola 2018). It then drops drastically by approximately 75 % of the maximum at the
step corner due to the expansion, and then rises again to its initial (freestream) value as the
flow reattaches on the upper wall. Our present LES results for the turbulent case agree well
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References Ma Reso, m™! So/h Lg/h
Czarnecki & Jackson (1975) 1.6 1.9 x 107 0.3 4.2
Estruch-Samper & Chandola (2018) 2.0 6.5 x 107 0.13 3.9
Estruch-Samper & Chandola (2018) 3.0 6.1 x 107 0.14 4.3
Estruch-Samper & Chandola (2018) 3.0 8.4 x 107 0.14 4.3
Murugan & Govardhan (2016) 2.5 2.82 x 107 0.5 4.1
Spaid (1972) 2.9 4.8 x 10° 0.74 4.2
Zukoski (1967) 3.0 3.9 x 108 0.33 4.2
Chandola, Huang & Estruch-Samper (2017) 3.9 7.01 x 107 0.17 5.1
Zukoski (1967) 3.9 1.2 x 107 0.6 4.5
Behrens (1971) 4.0 1.2 x 107 0.5 4.25
Present turbulent case 1.7 1.37 x 107 0.33 4.3

Table 3. Comparison of the reattachment length reported in various experimental turbulent FFS studies.

22

(P,)/ Poso

0.2

-30 -25 20 -15 -10 -5 0 5
x/h

Figure 7. Streamwise distribution of the mean wall pressure. The time- and spanwise-averaged values are
indicated by the black solid line (laminar case) and blue dashed line (turbulent case). The vertical dotted lines
denote the mean separation locations for the two cases. The grey circles denote experimental results from

Czarnecki & Jackson (1975) at Ma = 2.2 and Res = 6.5 x 10’ m~! in a turbulent flow. The red horizontal
line represents the value (p,,/po) = 1.84 obtained by empirical correlations p,,/psc = 0.5Ma, + 1.

with the experiments of Chandola et al. (2017) conducted in a turbulent flow at Ma = 2.2
and Reqo = 6.5 x 10’ m~! (see figure 7).

3.2. Instantaneous flow organization

Instantaneous snapshots of vortical structures for the laminar and turbulent cases are
illustrated by means of isosurfaces of the A, vortex criterion (Jeong & Hussain 1995)
in figure 8. For the laminar inflow case, distinct turbulent spots emerge in the direct
vicinity of the separation line (x/h = —25). At x/h = —8, these spots grow rapidly to
cover the whole span. The evolution of the coherent vortices, including the formation
of the streamwise streaks and the ensuing breakdown, suggests that the boundary layer
undergoes a bypass transition, as also reported by Kreilos ef al. (2016) and Marxen &
Zaki (2019). Entering the region with a stronger recirculation and inflectional velocity
profile, the disturbances are amplified significantly, and large hairpin vortices are produced
along the shear layer. The multi-scale vortices downstream of the step suggests that the
laminar—turbulent transition is completed, which reinforces observations based in the skin
friction coefficient in figure 6.
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Figure 8. Instantaneous vortical structures, visualized by isosurfaces of 1o = —0.12. A numerical schlieren
based on a z =0 slice with |Vp|/ps = 0-1.4 is included. The laminar case at fus /6 =900 is shown
(a) upstream of the separation bubble, (b) close to the bubble, and (c¢) shows the turbulent case at fu~, /6 = 700.

949 A2-13


https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

W. Hu, S. Hickel and B.W. van Oudheusden

0 . b 0

—-15.0 —-12.5 —-10.0 -7.5 -5.0 2.5 0 2.5 5.0
(b) 6

4
vih

2

0+ . . : . . . . |

—-15.0 —12.5 —-10.0 -7.5 -5.0 2.5 0 2.5 5.0

x/h

Figure 9. Contours of the time- and spanwise-average standard deviations of the streamwise velocity,
normalized by u: (a) the laminar case, and () the turbulent case. The black dashed and solid lines denote
isolines of u = 0.0 and u/u, = 0.99.

For the turbulent case, the near-wall region features small-scale vortices in the incoming
boundary layer. Since the shear layer over the separation bubble is inviscidly unstable,
the vortical structures are enhanced due to strong Kelvin—Helmholtz (K-H) instability.
However, a clear signature of spanwise-aligned K—H vortices is not observed because it is
overwhelmed by the energetic turbulent structures already present in the incoming shear
layer. The amplification of the vortical structures across the separated shear layer was also
reported by Mustafa et al. (2019).

Figure 9 presents the root-mean-square (r.m.s.) fluctuations of the streamwise velocity

component, +/(u’2) (normalized by us), for the two cases. Large values of /(u'?) are
observed to occur along the shear layer, between the boundary layer edge and isoline of
(u) = 0, for both cases. The laminar case has a peak value of approximately 0.20 in the
free shear layer, while the maximum is 0.17 for the turbulent case. While the turbulent
case displays weaker fluctuations along the shear layer, larger fluctuations occur along
the separation and reattachment shock. Contours of the wall-normal velocity fluctuations
v/ (v'2) show similar features (figure 10), but the energetic regions occur closer to the
vertical step wall, as reported also by Murugan & Govardhan (2016). The maximum values
of v/ (v"2) are 0.16 near the step wall and 0.12 within the free shear layer for the laminar
case; for the turbulent case, the corresponding values are 0.12 near the step and 0.08 in the
shear layer. These observations suggest that the shear layer instability is stronger and the
separation shock is weaker in the laminar inflow case.

To better visualize the vortical structures near the wall, contours of the streamwise
velocity gradient du/dy in a wall-parallel plane at Ay/5p = 0.01 at a random time instant
are provided in figure 11. For the laminar case, the velocity gradient is homogeneous far
upstream of the step (not shown in the figure) as the incoming boundary layer is laminar.
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Figure 10. Contours of the time- and spanwise-average standard deviations of the wall-normal velocity,
normalized by us: (a) the laminar case, and (b) the turbulent case. The black dashed and solid lines denote
isolines of u = 0.0 and u/u, = 0.99.

In the separation zone, the contours of du/dy show large streamwise streaks. From the
weighted power (spatial) spectral density (PSD) of du/dy, we observe a peak at a small
spanwise wavenumber k, = 2, both upstream and downstream of the step, corresponding
to a spanwise wavelength A, = 0.5 = 1.5§¢. For the turbulent case, the contours provide
evidence of a streamwise preferential orientation of the near-wall coherent structures
upstream of the separation region. Behind the step, streamwise-oriented features are
observed again, which suggests large-scale streaks with a spanwise alternation of high
and low velocity. Similar to the previous case, the dominant disturbance in the turbulent
case also has a spanwise wavenumber at k; ~ 2, yielding again a dominant wavelength
A, & 0.5h =~ 1.56p, which is in good agreement with the reported spanwise wavelength of
the characteristic vortical structures A, ~ 2§ in previous numerical and experimental work
(Ginoux 1971; Pasquariello et al. 2017; Priebe & Martin 2012).

3.3. Spectral analysis

The frequency characteristics of the interaction are first quantified by the frequency-
weighted PSD of selected flow variables. Figure 12 shows the PSD of the wall pressure at
different streamwise locations. For this spectral analysis, pressure signals were sampled at
frequency fsuso/h = 12 (fi80/uco = 4) with 2000 snapshots, excluding the initial transient
stage (fuxo/d9 < 600) of the simulation, which gives a resolved frequency range 0.003 <
fuso/h < 6. Welch’s method with a Hanning window was employed to compute the PSD
using eight segments with 50 % overlap. In the following analysis, we use the Strouhal
number based on the step height, St;, = fh/ux, to characterize the frequency of the
unsteady behaviour. Overall, both cases display a broadband frequency spectrum, with
different leading frequency at different streamwise locations. For the turbulent inflow
case, the spectrum upstream of the recirculation region (x/h = —20.0, —16.0) shows a
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Figure 11. Contours of the streamwise velocity gradient du/dy in the x—z plane at the wall distance Ay/§p =
0.01, and the corresponding weighted power spectral density k.P(k;) versus the spanwise wavenumber k,
(black line x/h = —4.2; blue line x/h = 1.0): (a) the laminar case, and (b) the turbulent case.

clear energetic bump centred around the characteristic frequency (u~ /89, corresponding to
Sty = 3) of the incoming turbulent boundary layer (Dolling 2001). For the laminar inflow
case, the energy level of the pressure fluctuations is two orders of magnitude lower than
that of the turbulent case upstream of the separation region. Within the separation bubble
(x/h > —11.6 for the laminar case, x/h > —4.3 for the turbulent case), the prevailing
frequency shifts to an intermediate range St = 0.2-1.0. In addition, a noteworthy
low-frequency bump occurs for St;, < 0.2 in the separation region, most clearly visible at
the station x/h = —1.0. Since the laminar inflow case completed transition already inside
the separation region and shares similar low-frequency and medium-frequency contents
with the turbulent case, mainly the latter case is analysed further hereafter.

As reported in previous work (Pasquariello et al. 2017; Hu et al. 2021), the
low-frequency unsteadiness is usually associated with the motions of the shock and
separation bubble, while the medium-frequency dynamics is related to the shedding of
vortices in the separated shear layer. We therefore examine the frequency characteristics
of several flow variables to verify if these conclusions apply similarly to the FFS
cases. The spanwise-averaged streamwise velocity within the separated shear layer and
the reattachment location on the FFS wall both show the dominant medium-frequency
unsteadiness. These data are extracted with the same sampling frequency as the
aforementioned pressure signal. The location of the spanwise-averaged reattachment point
vy is the y coordinate of the intersection between the isolines of the streamwise velocity
u = 0 and the step wall. As shown in figure 13(a), a frequency around St, = 0.3 appears
energetically dominant for the shear layer velocity signal, which supports the suggestion
that the medium frequency is the characteristic frequency of the shear layer vortices. In
addition, a local peak at a lower frequency St;, = 0.1 is observed in the spectrum. The
shear layer vortices eventually impinge on the step wall, which explains that a similar
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Figure 12. Frequency-weighted PSD of the wall pressure at different locations: (a) the laminar case, and
(b) the turbulent case. Note that the upstream stations are scaled differently for the laminar inflow case to
improve visibility.

medium-frequency content is also observed in the spectrum of the reattachment location;
see figure 13(b). In addition, there are energetic disturbances with higher frequencies
related to the turbulence when the flow reattaches on the wall. It is worth noting that the
reattachment point usually moves upwards and downwards at different speeds. To examine
this velocity difference at the frequency range, the gradient of the reattachment coordinates
dy,/dt is calculated with the same sampling frequency f;00/u~ = 4 and then filtered by
a low-pass filter with passing frequency f,80/u < 0.2. In the given temporal range, the
mean value of the positive gradient is 0.0030, and that of the negative gradient is —0.0032,
which suggest that the reattachment point has a larger speed when moving downwards.
Therefore, it takes a shorter time for the attachment point to move downwards, and the
probability P(dy,/dt < 0) is smaller (0.46 in total), as shown in figure 14.

Figure 15(a) displays the temporal evolution of the spanwise-averaged separation point
X, as well as the associated frequency-weighted PSD. The separation point is defined
as the streamwise location where appreciable flow reversal is first observed (near-wall
streamwise velocity u/us, < 0.0). Note that the variation of the mean separation point
follows a sawtooth-like trajectory, along which its value drops drastically when the
separation point moves upstream while it undergoes a less rapid relaxation when the
separation position shifts downstream. The irregular and aperiodic variation of the
separation point suggests that the motions of the separation location involve a wide range
of time scales, as reported by Dussauge, Dupont & Debieve (2006) and Priebe et al. (2016),
although the dominant one is the low-frequency one around S#; ~ 0.1 shown in the PSD
spectra. An additional small peak at a medium frequency S#; &~ 0.4 can be observed for
the separation point location. It is reasonable to assume that this variable shares common
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Figure 13. Temporal evolution and corresponding frequency-weighted PSD fP(f) of (a) the
spanwise-averaged streamwise velocity within the shear layer (x/h = —3.69, y/h =0.83), and (b) the
spanwise-averaged reattachment location.
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Figure 14. Probability of the gradient of the reattachment coordinates, P(dy,/dt).

frequencies with the shear layer velocity because the vortex shedding is usually initiated
by the separation of the shear layer. Figures 15(b,c) show the temporal variation of the
shock angle n and separation bubble volume A. The shock angle is defined as the angle
between the isoline of y/h = 1.0 and |Vp| 80/psc = 0.26. The separation bubble volume is
the area enclosed by the isoline of u = 0, the lower wall and the vertical step wall. Overall,
the variation of the shock angle 1 and separation bubble volume A show less irregular
features, indicating that the dynamics of these two signals does not involve significant
multi-frequency unsteady contents. This is evidenced by the corresponding spectra in
figure 15, where we observe very clearly a low-frequency peak at St;, ~ 0.15 for the shock
angle, and at St;, &~ 0.08 for the separation bubble volume.

Similar to the reattachment point, these low-frequency signals also have different rates
at different states. When the size of the separation bubble increases (the gradient of the
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Figure 15. Temporal evolution and corresponding frequency-weighted PSD of the spanwise-averaged
(a) separation location x;, (b) separation shock angle n, and (c¢) volume of the main separation bubble per
unit spanwise length A.

bubble volume dA/d¢ is positive), the process of the expansion is slower than the speed
of shrinking. In the given temporal range, the mean value of the positive gradient of the
bubble volume is 0.0145 and that of the negative gradient is —0.0167. Figure 16 shows
the probability of various values of dA/dt, indicating that the probability of positive and
negative dA/dr is 0.0041 and 0.0061, respectively. Generally, the separation bubble volume
decreases when the reattachment point moves downwards. Therefore, the larger average
shrinking rate of the bubble is consistent with the faster downward movement of the
reattachment location (see figure 14).

To find the connection between the above signals, a statistical analysis was carried out
via the coherence Cy, and phase 6,,. The definitions of the spectral coherence and phase
are given by

2
ny(f) = |ny(f)| /(Pxx(f)Pyy(f)): 0= ny <1, (31)
Oy (f) = Im{Pxy(f)}/Re{Pry(f)}, —T <6y =<, (3.2)
where Py is the PSD of x(7), and P,y signifies the cross-PSD between signals x(7) and
y(@).
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Figure 16. Probability of the changing rate of the separation bubble volume, P(dA/dt).
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Figure 17. Statistical (a) coherence and (b) phase between the spanwise-averaged coordinate of the separation
point and the angle of the separation shock.

Figure 17 shows C and 6 for the relation between the separation location and shock
angle. A coherence value C =0.29 is observed at St =~ 0.1, which shows that the
separation point and bubble size are nonlinearly related to each other at this specific low
frequency. On the other hand, the two signals have a phase difference of roughly 6 ~ 0.5t
at this low frequency. Physically, when the separation location moves downstream (the
value of x; increases), the separation shock foot follows by turning counter-clockwise (the
value of 5 increases), and vice versa. The high level of coherence at higher frequency
(St, = 0.4) is caused by the shedding vortices.

Figure 18 displays the statistical connection between the separation point and the volume
of the separation bubble. We observe significant coherence at frequencies St;, < 0.1,
accompanied with phase & ~ —. That is, the bubble size increases when the separation
point moves upstream at low frequencies. The phase difference, however, changes at higher
frequencies St, ~ 0.15, where 6 ~ 0.25n. These results confirm previous observations
that there is no simple linear relation between separation length and bubble volume (Adler
& Gaitonde 2018).

For the signals of the reattachment location and the bubble size in figure 19, significant
correlation can be found for a broad range of frequencies (St;, > 0.1). The near-zero 0
implies that these two signals are approximately in phase for the low-frequency range,
meaning that an upwards motion of the reattachment point is accompanied by an increase
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Figure 18. Statistical (@) coherence and (b) phase between the spanwise-averaged streamwise coordinate of
the separation point and the volume of the separation bubble.
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Figure 19. Statistical (a) coherence and (b) phase between the spanwise-averaged wall-normal coordinate of
the reattachment point and the volume of the separation bubble.

of the bubble size. At frequencies St;, > 0.1, the separation bubble will expand (increasing
A) if the separation point moves downstream (increasing x;) and the reattachment location
moves upwards (increasing y,). In this dilatation process of the bubble, the separation
length reduces, while the separation height becomes larger, which suggests that the volume
of the separation bubble depends mainly on the separation height (the reattachment
location in the current case) at St;, > 0.1, whereas the separation length is in phase with
the bubble size at lower frequency frequencies St; < 0.1.

3.4. Dynamic mode decomposition analysis of the three-dimensional flow field

We have applied DMD (Schmid 2010) to identify the modal dynamics and energetic
flow structures contributing to the broadband frequency spectrum. In § 3.3, we identified
two types of dominant frequencies in the unsteady interaction system. However, some
of the signals were extracted from the spanwise-averaged field, like the separation
and reattachment locations; therefore a three-dimensional DMD analysis is required

949 A2-21


https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

W. Hu, S. Hickel and B.W. van Oudheusden

(5) 10

0.8 A

0.6

[Vl

04 r

02F

-1.0 0.5 0 0.5 1.0 102 10! 10°
Re(1) fhlug,

Figure 20. (a) Eigenvalue spectrum from the standard DMD. (b) Normalized magnitudes for DMD modes
with positive frequency, grey shaded by their growth rate fy.

for the analysis of possible effects of spanwise variant flow structures. A spatial
subdomain is extracted from the simulated flow domain for the three-dimensional DMD
analysis in order to reduce the computational effort. The considered subdomain is
Ly x Ly x L, = ([-25, 15] x [0, 8] x [—8, 8])dp, covering the most interesting region,
with a downsampled spatial resolution in all directions. Since the frequencies above the
characteristic frequency of the turbulent integral scale u~, /8 are not our current interest,
the present DMD analysis of the three-dimensional subdomain is performed based on
1000 equal-interval snapshots with the same time range as for the previous signals and a
smaller sampling frequency f;80/uso = 2, Which yields a frequency resolution 2 x 1073 <
£80/use < 1 (equivalent to 6 x 1073 < St, < 3). The calculated eigenvalue spectrum and
magnitudes of the corresponding DMD modes are displayed in figure 20. The resulting
DMD modes come as complex conjugate pairs, and most of them are well distributed along
the unit circle |ug| = 1 except for a few decaying modes within the circle, which means
that the resulting modes are sufficiently saturated (Rowley et al. 2009). In figure 20(b),
the shown modes are grey shaded by their growth rate B;. The darker the vertical lines,
the less decaying the modes. Here, the strongly decaying modes (Jux| < 0.96) have been
removed because they do not contribute to the long-time flow development.

From the previous spectral analysis, two types of frequencies have been identified. These
frequencies are also significant in figure 20(b). Therefore, two corresponding families
of modes are defined in the spectrum, a low-frequency family at S#;, < 0.2 (family A)
and a medium-frequency family at 0.2 < Sz, < 1.0 (family B), and the different features
characteristic for each family are investigated. In addition, an extra family of modes at
St, > 1.0 (family C, close to the characteristic frequency of the turbulent integral scale)
is also analysed. Based on the growth rate and magnitudes of the modes, three modes are
selected from the frequency spectrum, each of which is a representative of a single family,
marked as mode ¢1, ¢, and ¢3, respectively. Table 4 gives the non-dimensional frequency,
magnitude and growth rate of these selected modes. All of them have relatively large
magnitude with || > 0.4, and small growth rate with |Bx| < 0.02, which indicates that
they have a relevant contribution to the evolution of the flow field over the full analysed
time span.

The selected mode ¢; has frequency St;, = 0.0377, which has the same order of
magnitude as the data (St;, = 0.017) reported by Estruch-Samper & Chandola (2018).
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Mode Sty, Sts Sty [V Br

P1 0.03771  0.01257  0.16215  0.41265 —0.017209
o) 0.34908  0.11636 150104  0.48313  —0.016515
¢3 1.34607  0.44869  5.78810  0.52279  —0.012177

Table 4. Information for the selected modes.

(b)

Figure 21. Isosurfaces of the pressure fluctuations from DMD mode ¢; with phase angle (a) 0 = 0 and
(b) & = 37t/4, including only the real part. Red indicates p’ /ps = 0.03; blue indicates p’/poc = —0.03.

(b)
1.5

1.01

0.5

Figure 22. Real part of DMD mode ¢; indicating contours of modal (a) pressure fluctuations and
(b) streamwise velocity fluctuations, on the slice z = 0. The different lines indicate features of the mean flow
field: green solid line, the separation shock; black dashed line, dividing streamline; green dashed line, the
streamline passing through x/§p = 0, y/éo = 3.75.

Figure 21 shows the pressure fluctuations from mode ¢; at two different phase angles.
The main features of the pressure fluctuations are large structures along the separation
shock and the reattachment shock. The sign switch between the two displayed phase angles
indicates the oscillation of the shock. Note that the fluctuations around the separation
and reattachment shocks are also moving in the spanwise direction, suggesting a slight
wrinkling of the shocks. Figure 22(a) provides the pressure fluctuations of ¢ at the
slice z = 0. Again, large fluctuations are observed around the separation and reattachment
shocks. There are also waves induced by the separation shock propagating along the
streamwise direction.

The fluctuations of the streamwise velocity component from DMD mode ¢ are given
in figure 23. From the isosurfaces of u'/us = 0.2, we observe pairs of longitudinal
streamwise structures, which emerge around the separation location and extend into the
free shear layer and towards the downstream boundary layer. Considering the contours of
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Figure 23. Isosurfaces of the streamwise velocity fluctuations from DMD mode ¢; with phase angle
(@) ® = 0 and (b) & = 31 /4, including only the real part. Red indicates u’/u~ = 0.2; blue indicates ' /uso =
—0.2 .

the streamwise velocity fluctuations on the z = O slice in figure 22(b), we find that these
high- and low-speed structures are located mainly along the shear layer.

The streaks visualized by the isosurfaces of the streamwise velocity fluctuation are a
possible result of momentum transport by counter-rotating streamwise vortices. Therefore,
we plot the contours of the modal streamwise vorticity and projected streamlines at two
phase angles, as shown in figure 24. The counter-rotating vortices are illustrated clearly
by the in-plane streamlines. Additionally, these vortices move in both the spanwise and
wall-normal directions, and their strength is also changing with the phase angle. At the
given instants (0 = 37w/16 and 6 = 7m/16), the spanwise wavelength of the vortex pair
is ranging from 0.54 to 0.6A. Based on these observations, we believe that the dynamics
represented by the low-frequency mode ¢; involves the flapping motions of the separation
and reattachment shock, as well as oscillating Gortler-like vortices in the shear layer.

To better illustrate the flow dynamics corresponding to a selected DMD mode, we
reconstructed the real-valued flow field by superimposing the individual mode ¢; onto
the mean flow ¢,,, expressed as g(x, t) = ¢, + ar x Re{a;p; el®”} where «; and ar are
the amplitude and optional amplification factor of the considered mode ¢;. Animations of
the dynamic flow field reconstructed with a single mode using this procedure are provided
as supplementary movies available at https://doi.org/10.1017/jfm.2022.737. Movies 1 and
2 (reconstructed from mode ¢) show clearly the flapping motion of the separation shock
and the counter-rotating Gortler vortices. Other modes from the low-frequency branch A
were found to share very similar flow features with the selected mode ¢ .

For the medium-frequency mode ¢», the characteristic frequency is St;, ~ 0.349, which
is in good agreement with the experimental results (St; ~ 0.4) of Estruch-Samper &
Chandola (2018). The pressure isosurfaces in figure 25 exhibit large spanwise-aligned
structures arranged along the free shear layer. These significant fluctuations represent the
travelling shear layer vortices. In the contours of the modal spanwise-averaged pressure
fluctuations in figure 26, the radiation of the waves along the shear layer is obvious. The
emission of these structures induces disturbances along the streamwise direction in the
supersonic part of the flow field. This observation of the propagating pressure waves is in
agreement with the results from a global linear stability analysis of an impinging shock
case in a laminar regime (Guiho, Alizard & Robinet 2016).

Figure 27 shows isosurfaces of the streamwise velocity fluctuations associated with
mode ¢». Here, A-shaped structures are observed in the free shear layer and alternate
along both the spanwise and streamwise directions. Supplementary movies 3 and 4
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Figure 24. Contours of the streamwise vorticity from DMD mode ¢; with phase angle (a) 8 = 37/16 and
(b) 6 = 77t/16, in the z—y plane at x/59 = —6.0. Black arrow lines represent the streamlines on the slice.

()

Figure 25. Isosurfaces of the pressure fluctuations from DMD mode ¢, with phase angle (a) 6 = 0 and
(b) 6 = 371/4, including only the real part. Red indicates p’/poc = 0.03; blue indicates p’/poc = —0.03.
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Figure 26. Real part of DMD mode ¢, indicating contours of modal spanwise-averaged (a) pressure
fluctuations and (b) streamwise velocity fluctuations, on the slice z = 0. The different lines indicate features of
the mean flow field: green solid line, the separation shock; black dashed line, dividing streamline; green dashed
line, the streamline passing through x/§p = 0, y/é9 = 3.75.
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Figure 27. Isosurfaces of the streamwise velocity fluctuations from DMD mode ¢, with phase angle
(@) 0 = 0 and (b) @ = 37 /4, including only the real part. Red indicates v’ /u~, = 0.2; blue indicates
U Juso = —0.2.

Figure 28. Isosurfaces of the pressure fluctuations from DMD mode ¢3 with phase angle (a) & = 0 and
(b) & = 37t/4, including only the real part. Red indicates p’ /ps = 0.06; blue indicates p’/poc = —0.06.

(reconstructed from mode ¢;) visualize the convection of shear layer vortices and the
propagation of the Mach-like waves. These observations confirm that this mode, which
is representative of the mid-frequency dynamics, is indeed related to the advection of the
shear layer vortices. Similar observations were also reported in the two-dimensional DMD
analysis of an incident shock case (Pasquariello ef al. 2017).

Considering the high-frequency mode ¢3, the pressure fluctuations provided in figure 28
show the evolution of small-scale vortices. These spanwise-aligned vortices are weakly
visible also in the upstream turbulent boundary layer and amplified in the free shear layer.
The streamwise displacement of the fluctuations at different phase angles indicates the
advection of these coherent vortices. From the streamwise velocity fluctuations of mode ¢3
in figure 29, we can also observe that these vortices originate from the upstream turbulence
and are considerably amplified in the separated shear layer. The frequency of this mode
is close to the typical frequency of the turbulence considering the thicker boundary layer
downstream of the step. Hence this mode can be associated with the advection of turbulent
structures that results from an amplification of the incoming turbulence by the separation
bubble; cf. the stability analysis of Guiho et al. (2016) for an incident shock SWBLI case.

4. Physical mechanism of the low-frequency unsteadiness

The present FFS case exhibits unsteady dynamics at non-dimensional low frequencies
similar to those observed for SWBLI on flat plates, compression ramps and BFS. Similar to
the compression ramp (Grilli ez al. 2013), the main flow topology of the FFS case consists
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Figure 29. Isosurfaces of the streamwise velocity fluctuations from DMD mode ¢3 with phase angle (a) 0 = 0
and (b) 0 = 37/4, at slice z =0, including only the real part. Red indicates u'/us = 0.4; blue indicates
U Juso = —0.4.

of a separation shock, free shear layer, separation bubble and reattachment shock (not
as prominent as for the compression ramp). Therefore, the streamwise profiles of the
mean skin friction and wall pressure have very similar trends for FFS and ramp cases
(Priebe er al. 2016). However, differences of (Cy) and (p,,) curves are observed due to the
confinement by the step wall. As we can see in figures 6 and 7, there is a drastic rise of (Cy)
and a smaller second plateau of (p,,) around the step, which are not observed for the ramp
and incident shock cases (Priebe & Martin 2012). The variations of these parameters inside
the separation bubble are usually related to the multi-frequency unsteadiness (Priebe et al.
2016; Pasquariello et al. 2017).

The instantaneous flow field shown in § 3.2 visualizes the main unsteady phenomena,
including the breathing bubble, oscillation of the separation and reattachment shocks,
the shear layer, and the high- and low-speed streaks, which also occur in ramp,
impinging shock and BFS configurations. As characterized by the DMD analysis of the
three-dimensional flow field, the low-frequency DMD modes include unsteady shock
motions and counter-rotating streamwise vortices. These Gortler-like vortices are relatively
weak compared to other unsteady dynamics such that they do not show up in the vortical
visualization of the complete flow field (see figure 8). The medium-frequency modes, on
the other hand, are associated with the shedding of vortices within the shear layer. Similar
observations have been reported in the impinging shock and ramp shock interaction
configurations, as well as in our previous work related to the BFS (Hu ef al. 2021).

Piponniau et al. (2009) found that the separation bubble is highly intermittent based
on their conditional average of the bubble size, and proposed an entrainment-injection
model to explain the dynamics of the low-frequency unsteadiness. This model associates
the low-frequency motion of the shear layer with an unbalanced mass budget within the
separation bubble. In the current FFS case, we also observe a strong intermittency of the
bubble size with large-scale variations in magnitude (see figure 15) for the expanding and
contracting phase, as illustrated schematically in figure 31. In the contraction process, the
fluid from the separation region is entrained by the coherent structures along the mixing
layer in the initial phase of the separation. After a certain distance, these vortices are shed
from the shear layer and enter the downstream outer flow carrying mass with themselves,
which causes a mass deficit of the separation bubble. The separated region shrinks with
a downward motion of the reattachment location and an upstream shift of the separation
point. Accordingly, the foot of the separation shock moves upstream. The continuous loss
of the mass inside the bubble, however, cannot be maintained. There must be a reverse
mass transfer such that the separation bubble will expand.
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Figure 30. (a) Curvature i/R and (b) Gortler number G, along the mean streamline passing through x/h = 0

and y/h = 1.25 (for the fully turbulent case). Vertical dashed lines indicate the separation and reattachment
points. The horizontal dot-dashed line denotes the critical G, in a laminar flow.
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To ensure a continuous breathing of the separated region, the mass of the injection
should be equal to the total amount of mass discharging through the shear layer. We
also expect that it takes several periods of the shedding vortices before they drain out a
considerable amount of fluid mass. Therefore, it is reasonable to assume that the frequency
of the breathing motions is smaller than that of the shedding behaviour, which agrees
with the findings in §§ 3.3 and 3.4. Based on the above reasoning, we believe that the
entrainment-injection model is also applicable for the FFS configuration.

However, there must be a mechanism to support the large-scale motions of
the interaction region. The current DMD suggests that the spanwise oscillation of
counter-rotating Gortler-like vortices may be the driver behind the low-frequency
unsteadiness, as we proposed in the previous BFS case (Hu er al. 2021). The Gortler
number defined as

93/2

= 0.185% |R[1/2

indicates whether such vortices can form (Smits & Dussauge 2006), where R is the
radius of curvature of the streamline, §* is the boundary layer displacement thickness,
and 6 is the boundary layer momentum thickness. Figure 30 shows the curvature //R
and Gortler number G; along the streamline of the mean flow inside the shear layer
(shown in figure 22). As we can see, two distinct peaks are observed in the distribution
of the curvature, located around the separation and reattachment points. This strong
curvature induces strong Gortler instability, corresponding to the high levels of G; around
the separation and reattachment locations. At —6.5 < x/h < —3.3 and 0 < x/h <1, the
Gortler number is larger than the critical value G; = 0.6, above which local Gortler
vortices will emerge in a laminar flow (Smits & Dussauge 2006). Therefore, we believe that
the Gortler instability is the cause of the Gortler-like vortices, visualized by the streamwise
velocity fluctuations (figure 23) and streamlines (figure 24) from DMD mode ¢;.

The separation location on any given slice z = z; moves as a result of the spanwise
translation of Gortler vortices, as illustrated by figure 31. In the contraction process
(from #; to t2), when the counter-rotating Gortler-like vortices move towards the positive
spanwise direction, the streamwise velocity # will become negative from u = 0 at the
z = z1 location (see the schematic in figure 31a), which means that the flow direction
reverses from #; to f, at this specific location. The upstream movement of the separation
point leads to the upstream flapping of the separation shock. Correspondingly, the
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Figure 31. Sketch of the entrainment-injection model sustained by the Gortler vortices: (a) contraction
process and () dilatation process.

reattachment point shifts downwards, and mass is entrained by the shear layer. The
consecutive oscillations of the interaction region result in a wrinkling of the shock and the
breathing of the bubble. Oppositely, if the Gortler-like vortices move towards the negative
spanwise direction from #; to f, (see the schematic in figure 31b), then the separation
point will (at # = 1) become a part of the attached flow (at t = 17) at slice z = z;, and the
separation shock will move downstream.

In terms of the magnitude of the low frequencies, the current results for an FFS
yield a Strouhal number range 0.02 < S, < 0.2 , close to the frequencies obtained in
other canonical incident shock and ramp cases (0.01 < St;, < 0.2, normalized by the
height of the separation bubble). Based on the above analysis, we believe that the
entrainment-injection model can explain the low-frequency unsteadiness of SWBLI.

5. Conclusions

The low-frequency unsteady dynamics of the SWBLI over an FFS at Ma = 1.7 and
Res, = 13718 has been analysed based on well-resolved LES. The instantaneous vortical
visualizations indicate that the unsteady behaviour is similar to what we observe in the
BES case, including the vortex shedding in the separated shear layer, the breathing of the
separation bubble, and the flapping motion of the main shock. From the spectral analysis,
we observe that there is a broadband low/medium-frequency dynamics in the interaction
region, which we classify into two branches with dominant frequencies at St;, = 0.01-0.2
and St;, = 0.2-1.0 in the current FFS case. The medium-frequency content is associated
with the shedding of shear layer vortices, while the unsteady separation region — more
specifically, the size of the separated region — and the position and angle of the separation
shock constitute the low-frequency dynamics.

Three-dimensional DMD analysis was applied to identify individual single-frequency
modes that represent the observed unsteady behaviour. Similar to what we observed in
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the BES case (Hu, Hickel & van Oudheusden 2020), the extracted low-frequency mode ¢
suggests that there is a statistical link between the shock motions and unsteady Gortler-like
vortices. The flow features displayed by the medium-frequency mode ¢, represent the
advection of shear layer vortices.

Based on the above observations and analysis, we consider that the physical mechanism
of the low-frequency unsteadiness in the FFS is very similar to the one for other canonical
SWBLI cases. We believe that the unsteady Gortler-like vortices impose an unsteady
forcing on the interaction system that sustains the low-frequency motions of shocks and
separation bubble.

Supplementary movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2022.737.

Acknowledgements. The authors would like to thank J. Chen and X. Yuan for fruitful discussions at the
State Key Laboratory of Aerodynamics, which helped to improve the paper.

Funding. This work is part of the research programme ‘Dynamics of a Backward/Forward-Facing Step in a
Supersonic Flow’ with project no. 2019.045, which is partly financed by the Dutch Research Council (NWO).
The simulations were carried out on the Dutch national e-infrastructure with the support of SURF Cooperative.

Declaration of interests. The authors report no conflict of interest.

Author ORCIDs.
Weibo Hu https://orcid.org/0000-0002-0123-6459;

Stefan Hickel https://orcid.org/0000-0002-7463-9531;
Bas W. van Oudheusden https://orcid.org/0000-0002-7255-0867.

REFERENCES

ADLER, M.C. & GAITONDE, D.V. 2018 Dynamic linear response of a shock/turbulent-boundary-layer
interaction using constrained perturbations. J. Fluid Mech. 840, 291-341.

AKERV[K, E., HEPFFNER, J., EHRENSTEIN, U. & HENNINGSON, D.S. 2007 Optimal growth, model
reduction and control in a separated boundary-layer flow using global eigenmodes. J. Fluid Mech. 579,
305-314.

ANDREOPOULOS, J. & MUCK, K.C. 1987 Some new aspects of the shock-wave/boundary-layer interaction in
compression-ramp flows. J. Fluid Mech. 180, 405-428.

BABINSKY, H., et al. 2011 Shock Wave—Boundary-Layer Interactions. Cambridge University Press.

BEHRENS, W. 1971 Separation of a supersonic turbulent boundary layer by a forward facing step. In AIAA 9th
Aerospace Sciences Meeting. AIAA paper T1-127.

BERESH, S.J., CLEMENS, N.T. & DOLLING, D.S. 2002 Relationship between upstream turbulent
boundary-layer velocity fluctuations and separation shock unsteadiness. AIAA J. 40 (12), 2412-2422.

CASACUBERTA, J., GroOT, K.J., ToL, H.J. & HICKEL, S. 2018 Effectivity and efficiency of selective
frequency damping for the computation of unstable steady-state solutions. J. Comput. Phys. 375, 481-497.

CHANDOLA, G., HUANG, X. & ESTRUCH-SAMPER, D. 2017 Highly separated axisymmetric step
shock-wave/turbulent-boundary-layer interaction. J. Fluid Mech. 828, 236-270.

CLEMENS, N.T. & NARAYANASWAMY, V. 2014 Low-frequency unsteadiness of shock wave/turbulent
boundary layer interactions. Annu. Rev. Fluid Mech. 46 (1), 469-492.

CZARNECKI, K.R. & JACKSON, M. W. 1975 Turbulent boundary-layer separation due to a forward-facing step.
AIAA J. 13 (12), 1585-1591.

DELERY, J. & DUSSAUGE, J.-P. 2009 Some physical aspects of shock wave/boundary layer interactions. Shock
Waves 19 (6), 453—468.

DOLLING, D.S. 2001 Fifty years of shock-wave/boundary-layer interaction research: what next? AIAA J. 39 (8),
1517-1531.

DUPONT, P., HADDAD, C. & DEBIEVE, J.F. 2006 Space and time organization in a shock-induced separated
boundary layer. J. Fluid Mech. 559 (2006), 255-277.

DUSSAUGE, J.-P., DUPONT, P. & DEBIEVE, J.-F. 2006 Unsteadiness in shock wave boundary layer
interactions with separation. Aerosp. Sci. Technol. 10 (2), 85-91.

ERENGIL, M.E. & DOLLING, D.S. 1991 Unsteady wave structure near separation in a Mach 5 compression
ramp interaction. AIAA J. 29 (5), 728-735.

949 A2-30


https://doi.org/10.1017/jfm.2022.737
https://orcid.org/0000-0002-0123-6459
https://orcid.org/0000-0002-0123-6459
https://orcid.org/0000-0002-7463-9531
https://orcid.org/0000-0002-7463-9531
https://orcid.org/0000-0002-7255-0867
https://orcid.org/0000-0002-7255-0867
https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

Shock boundary-layer interactions at a forward-facing step

ESTRUCH-SAMPER, D. & CHANDOLA, G. 2018 Separated shear layer effect on shock-wave/turbulent-
boundary-layer interaction unsteadiness. J. Fluid Mech. 848, 154—192.

GAITONDE, D.V. 2015 Progress in shock wave/boundary layer interactions. Prog. Aerosp. Sci. 72, 80-99.

GANAPATHISUBRAMANI, B., CLEMENS, N.T. & DOLLING, D.S. 2007 Effects of upstream boundary layer
on the unsteadiness of shock-induced separation. J. Fluid Mech. 585 (2007), 369-394.

GINOUX, J.J. 1971 Streamwise vortices in reattaching high-speed flows — a suggested approach. AIAA J. 9 (4),
759-760.

GOTTLIEB, S. & SHU, C.-W. 1998 Total variation diminishing Runge—Kutta schemes. Maths Comput.
67 (221), 73-85.

GREEN, J.E. 1970 Interactions between shock waves and turbulent boundary layers. Prog. Aerosp. Sci. 11,
235-340.

GRILLI, M., HICKEL, S. & ADAMS, N.A. 2013 Large-eddy simulation of a supersonic turbulent boundary
layer over a compression—expansion ramp. Intl J. Heat Fluid Flow 42, 79-93.

GRILLI, M., SCHMID, P.J., HICKEL, S. & ADAMS, N.A. 2012 Analysis of unsteady behaviour in shockwave
turbulent boundary layer interaction. J. Fluid Mech. 700, 16-28.

GUIHO, F., ALIZARD, F. & ROBINET, J.-C. 2016 Instabilities in oblique shock wave/laminar boundary-layer
interactions. J. Fluid Mech. 789, 1-35.

HICKEL, S., ADAMS, N.A. & DOMARADZKI, J.A. 2006 An adaptive local deconvolution method for implicit
LES. J. Comput. Phys. 213 (1), 413-436.

HICKEL, S., EGERER, C.P. & LARSSON, J. 2014 Subgrid-scale modeling for implicit large eddy simulation
of compressible flows and shock—turbulence interaction. Phys. Fluids 26 (10), 106101.

Hu, W., HICKEL, S. & VAN OUDHEUSDEN, B. 2019 Dynamics of a supersonic transitional flow over a
backward-facing step. Phys. Rev. Fluids 4 (10), 103904.

Hu, W., HICKEL, S. & VAN OUDHEUSDEN, B.W. 2020 Influence of upstream disturbances on the primary
and secondary instabilities in a supersonic separated flow over a backward-facing step. Phys. Fluids 32 (5),
056102.

Hu, W., HICKEL, S. & VAN OUDHEUSDEN, B.W. 2021 Low-frequency unsteadiness mechanisms in shock
wave/turbulent boundary layer interactions over a backward-facing step. J. Fluid Mech. 915, A107.

HUMBLE, R.A., ELSINGA, G.E., SCARANO, F. & VAN OUDHEUSDEN, B.W. 2009 Three-dimensional
instantaneous structure of a shock wave/turbulent boundary layer interaction. J. Fluid Mech. 622, 33-62.

JEONG, J. & HUSSAIN, F. 1995 On the identification of a vortex. J. Fluid Mech. 285, 69-94.

KISTLER, A.L. 1964 Fluctuating wall pressure under a separated supersonic flow. J. Acoust. Soc. Am. 36 (3),
543-550.

KLEIN, M., SADIKI, A. & JANICKA, J. 2003 A digital filter based generation of inflow data for spatially
developing direct numerical or large eddy simulations. J. Comput. Phys. 186 (2), 652—-665.

KREILOS, T., KHAPKO, T., SCHLATTER, P., DUGUET, Y., HENNINGSON, D.S. & ECKHARDT, B. 2016
Bypass transition and spot nucleation in boundary layers. Phys. Rev. Fluids 1 (4), 43602.

MARXEN, O. & ZAKI, T.A. 2019 Turbulence in intermittent transitional boundary layers and in turbulence
spots. J. Fluid Mech. 860, 350-383.

MATHEIS, J. & HICKEL, S. 2015 On the transition between regular and irregular shock patterns of
shock-wave/boundary-layer interactions. J. Fluid Mech. 776, 200-234.

MURUGAN, J.N. & GOVARDHAN, R.N. 2016 Shock wave—boundary layer interaction in supersonic flow over
a forward-facing step. J. Fluid Mech. 807 (2016), 258-302.

MUSTAFA, M.A., PARZIALE, N.J., SMITH, M.S. & MARINEAU, E.C. 2019 Amplification and structure of
streamwise-velocity fluctuations in compression-corner shock-wave/turbulent boundary-layer interactions.
J. Fluid Mech. 863, 1091-1122.

PASQUARIELLO, V., HICKEL, S. & ADAMS, N.A. 2017 Unsteady effects of strong shock-wave/boundary-layer
interaction at high Reynolds number. J. Fluid Mech. 823, 617-657.

PETRACHE, O., HICKEL, S. & ADAMS, N.A. 2011 Large eddy simulations of turbulent enhancement due to
forced shock motion in shock—boundary layer interaction. In 17th AIAA International Space Planes and
Hypersonic Systems and Technologies Conference. AIAA paper 2011-2216.

PIPONNIAU, S., DUSSAUGE, J.P., DEBIEVE, J.F. & DUPONT, P. 2009 A simple model for low-frequency
unsteadiness in shock-induced separation. J. Fluid Mech. 629 (2009), 87-108.

PIROZZOLI, S. & GRASSO, F. 2006 Direct numerical simulation of impinging shock wave/turbulent boundary
layer interaction at M = 2.25. Phys. Fluids 18 (6), 065113.

PLOTKIN, K.J. 1975 Shock wave oscillation driven by turbulent boundary-layer fluctuations. AIAA J. 13 (8),
1036-1040.

PORTER, K.M. & POGGIE, J. 2019 Selective upstream influence on the unsteadiness of a separated turbulent
compression ramp flow. Phys. Fluids 31 (1), 016104.

949 A2-31


https://doi.org/10.1017/jfm.2022.737

https://doi.org/10.1017/jfm.2022.737 Published online by Cambridge University Press

W. Hu, S. Hickel and B.W. van Oudheusden

PRIEBE, S. & MARTIN, M.P. 2012 Low-frequency unsteadiness in shock wave—turbulent boundary layer
interaction. J. Fluid Mech. 699 (2012), 1-49.

PRIEBE, S., TU, J.H., ROWLEY, C.W. & MARTIN, M.P. 2016 Low-frequency dynamics in a shock-induced
separated flow. J. Fluid Mech. 807 (2016), 441-477.

ROWLEY, C.W., MEZIC, 1., BAGHERI, S., SCHLATTER, P. & HENNINGSON, D.S. 2009 Spectral analysis of
nonlinear flows. J. Fluid Mech. 641, 115-127.

SCHLATTER, P. & ORLU, R. 2010 Assessment of direct numerical simulation data of turbulent boundary
layers. J. Fluid Mech. 659, 116-126.

ScHMID, P.J. 2010 Dynamic mode decomposition of numerical and experimental data. J. Fluid Mech.
656 (2010), 5-28.

SIMONENKO, M., ZUBKOV, A. & KUzMIN, A. 2018 On the supersonic three-dimensional flow
over an axisymmetric body with a forward-facing annular step. In AIP Conference Proceedings
(ed. E. Kustova, G. Leonov, N. Morosov, M. Yushkov & M. Mekhonoshina), vol. 1959,
p. 050031. AIP Publishing LLC.

SMITS, A.J. & DUSSAUGE, J.P. 2006 Turbulent Shear Layers in Supersonic Flow, 2nd edn. Springer Science
& Business Media.

SOUVEREIN, L.J., DUPONT, P., DEBIEVE, J.-F., DUSSAUGE, J.-P., VAN OUDHEUSDEN, B.W. &
SCARANO, F. 2010 Effect of interaction strength on unsteadiness in shock-wave-induced separations. AIAA
J. 48 (7), 1480-1493.

SPAID, F.W. 1972 Cooled supersonic turbulent boundary layer separated by a forward facing step. AIAA J.
10 (8), 1117-1119.

THOMAS, F.O., PUTNAM, C.M. & CHU, H.C. 1994 On the mechanism of unsteady shock oscillation in shock
wave/turbulent boundary layer interactions. Exp. Fluids 18 (1-2), 69-81.

TOUBER, E. & SANDHAM, N.D. 2009 Large-eddy simulation of low-frequency unsteadiness in a turbulent
shock-induced separation bubble. Theor. Comput. Fluid Dyn. 23 (2), 79-107.

TOUBER, E. & SANDHAM, N.D. 2011 Low-order stochastic modelling of low-frequency motions in reflected
shock-wave/boundary-layer interactions. J. Fluid Mech. 671 (2011), 417-465.

WHITE, M.D. & VISBAL, M.R. 2015 Investigation of shock / turbulent boundary interaction unsteadiness
with various obstructions. In 46th AIAA Plasmadynamics and Lasers Conference. AIAA paper 2015-3250.

WU, M. & MARTIN, M.P. 2008 Analysis of shock motion in shockwave and turbulent boundary layer
interaction using direct numerical simulation data. J. Fluid Mech. 594, 71-83.

ZHANG, Q.-H., ZHU, T., Y1, S. & WU, A. 2016 Flow control of micro-ramps on supersonic forward-facing
step flow. Chin. Phys. B 25 (5), 054701.

ZHELTOVODOV, A. 1996 Shock waves/turbulent boundary-layer interactions — fundamental studies and
applications. In Fluid Dynamics Conference. AIAA paper 96-1977.

ZUKOSKI, E.E. 1967 Turbulent boundary-layer separation in front of a forward-facing step. AIAA J. 5 (10),
1746-1753.

949 A2-32


https://doi.org/10.1017/jfm.2022.737

	1 Introduction
	2 Problem formulation and set-up
	2.1 Governing equations
	2.2 Flow configuration
	2.3 Numerical method
	2.4 Grid sensitivity study

	3 Results
	3.1 Mean flow organisation
	3.2 Instantaneous flow organization
	3.3 Spectral analysis
	3.4 Dynamic mode decomposition analysis of the three-dimensional flow field

	4 Physical mechanism of the low-frequency unsteadiness
	5 Conclusions
	References

