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Abstract

A novel passive flow-control method for shock-wave/turbulent boundary-layer interactions
(STBLI) is investigated. The method relies on a structured roughness pattern constituted
by streamwise-aligned ridges. Its effectiveness is assessed with wall-resolved large-eddy
simulations of the interaction of a Mach 2 turbulent boundary layer flow with an oblique
impinging shock with shock angle 40°. The structured roughness pattern, which is fully
resolved by a cut-cell based immersed boundary method, covers the entire computational
domain. Results show that this rough surface induces large-scale secondary streamwise
vortices, which energize the boundary layer by transporting high-speed fluid closer to the
wall. A parametric study is performed to investigate the effect of the spacing between the
ridges. This investigation is further substantiated through spectral analysis and sparsity-
promoting dynamic mode decomposition. We find that ridges with small spacing effectively
mitigate the low-frequency unsteadiness of STBLI and slightly reduce total-pressure loss.

Keywords STBLI - Roughness - Low-frequency unsteadiness - Turbulent boundary layer

1 Introduction

Shock-wave/turbulent boundary layer interactions (STBLI) are common in transonic,
supersonic and hypersonic flows, such as supersonic engine inlets, over-expanded rocket
nozzles and airfoils. In strong STBLI, shock waves impose an adverse pressure gradient on
the boundary layer that leads to flow separation, which further results in other detrimental
effects, such as total-pressure loss and reduced aerodynamic efficiency, unsteady
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mechanical and thermal loads on the structure, and engine inlet instability. To minimize
these undesirable effects, a number of attempts have been made to control STBLI using
both active and passive control strategies (Delery 1985).

Active control methods like active suction and pulsed jets are proven to be effective,
but their implementation requires extra weight and energy (Babinsky and Ogawa 2008).
Passive control methods, such as shock-control bumps (Ogawa et al. 2008), pressure-
feedback ducts or secondary recirculation jets (Pasquariello et al. 2014; Wu et al. 2022),
and vortex generators (Panaras and Lu 2015; Budich et al. 2013; Della Posta et al. 2023),
are more energy-efficient and easier to install. Among passive control methods, micro-
vortex generators (MVG) with a height of approximately 40% of the boundary layer
thickness are highly successful in the suppression of shock-induced flow separation by
introducing a pair of counter-rotating streamwise vortices that energize the boundary
layer and thereby delay flow separation (Babinsky and Ogawa 2008). MVGs can also be
combined with other control methods to achieve stronger control effects (Wu et al. 2022;
Titchener and Babinsky 2013).

A common drawback of many active and passive flow control methods is that their
control performance is very sensitive to the installation location (Gaitonde and Adler
2023). Although MVGs reduce parasitic drag compared to traditional vortex generators,
they still lead to a substantial increase in drag when there is no flow separation (Rybalko
et al. 2012), especially at high Reynolds number (Guo et al. 2022a). This is also the case
for other passive methods such as local suction and injection through pressure feedback
ducts (Pasquariello et al. 2014) and shock control bumps (Ogawa et al. 2008). Therefore, in
high-speed applications, there is a compelling need for novel flow control methods that are
insensitive to their installation location and have a low drag penalty.

For these reasons, we consider the utilization of surface roughness a promising research
direction. Spanwise heterogeneous roughness can induce large-scale secondary flow
structures, i.e., streamwise vortices, within a turbulent boundary layer. Secondary flows
can be classified into Prandtl’s secondary flow of the first kind and the second kind (Nikitin
et al. 2021). The former is driven by pressure gradients induced by streamwise geometry
variations; examples are the streamwise vortices over MVGs or convergent-divergent (C-D)
riblets (Nugroho et al. 2013). Secondary flow of the second kind, on the other hand, is
generated by the imbalance between local production and viscous dissipation of turbulent
kinetic energy and occurs only in turbulent flows.

Guo et al. (2022a) recently applied C-D riblets with a height less than 5% of the
boundary layer thickness to control a Mach 2.9 compression-ramp STBLI flow. They
found that C-D riblets are able to shrink the mean flow separation area by 56%, thus
demonstrating that roughness-induced streamwise vortices are an effective way to
control STBLI. However, C-D riblets also generate pressure drag and should therefore be
applied only in a narrow region. The positioning of the riblets patch relative to the shock
impingement point is arguably crucial for the control performance.

Prandtl’s secondary flow of the second kind can be induced by strip-type and ridge-
type roughness (Kadivar et al. 2021). Strip-type roughness consists of alternating smooth/
rough strips and the effects of the shear stress variation are predominant, while ridge-type
roughness is formed by contouring a smooth wall and the effects of the wall elevation
and wall-area increase are predominant. Ridge-type rough surfaces that are homogeneous
along the streamwise direction do not suffer from increased pressure drag, unlike strip-
type roughness and C-D riblets. Streamwise homogeneous ridge-type roughness can
therefore be applied over large areas, such that the control effectiveness is less sensitive
to the installation location. These advantages make the ridge-type roughness a promising
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method to study. Zampiron et al. (2020) experimentally demonstrate that ridge-type
roughness can induce secondary currents, such as upwash over the ridges and downwash
in the valleys, resulting in the formation of low-momentum and high-momentum pathways
within the turbulent boundary layer. The same conclusions are confirmed numerically by
Zhdanov et al. (2024). Wangsawijaya et al. (2020) point out the spacing between ridges,
and the width and height of the ridge are the main contributing factors to the size of the
secondary flows induced by the ridge-type roughness. Von Deyn et al. (2022a) have shown
that the secondary motions exhibit a weak dependence on Reynolds number. Although
extensive studies have investigated the properties of secondary flows induced by ridge-type
roughness, no research has applied ridge-type roughness to control STBLI.

The goal of the present study is therefore to explore the control effects of streamwise
homogeneous and spanwise heterogeneous ridge-type rough surfaces on a Mach 2.0
STBLI. The control principle is examined in detail and a parametric study is performed to
understand the influence of the ridge spacing on boundary-layer turbulence, shock-induced
flow separation, and the low-frequency unsteadiness of STBLI. This paper is organized as
follows: Sec. 2 describes the test case, simulation setup, and numerical methods; Sec. 3
presents and discusses the observed effects on the incoming turbulent boundary layer and
the interaction region, as well as low-frequency dynamics. Conclusions are drawn in Sec. 4.

2 Numerical Setup
2.1 Numerical Method

The three-dimensional, compressible Navier—Stokes equations are solved using our in-
house finite volume solver INCA (https://www.inca-cfd.com/). We perform wall-resolved
large eddy simulations (LES) using the adaptive local deconvolution method (ALDM).
ALDM is a nonlinear solution-adaptive finite-volume scheme and follows a holistic
approach for the subgrid-scale modeling of turbulence and shock waves, which enables the
accurate propagation of smooth waves and turbulence without excessive numerical dissipa-
tion with a similar spectral resolution as provided by a six-order central difference scheme
and the essentially non-oscillatory capturing of discontinuities through solution-adaptive
stencil selection and an appropriate flux function (Hickel et al. 2014). An explicit 3rd-order
Runge—Kutta-scheme is used for time marching. This solver has been extensively validated
and successfully applied for various STBLI cases, including the compression ramp (Grilli
et al. 2012), shock impingement (Pasquariello et al. 2017; Laguarda et al. 2024) and for-
ward/backward facing step (Hu et al. 2021, 2022). A second-order cut-cell-based immersed
boundary method (IBM) is utilized to represent the rough wall (Meyer et al. 2010; Orley
et al. 2015). With this cut-cell method, the finite volume cells at the boundaries are re-
shaped to locally conform to the wall boundary, which ensures the strict conservation of
mass, momentum, and energy.

2.2 Problem Definition

Six wall-geometry configurations are investigated in the present study. These include a
baseline case, featuring a smooth wall, and five cases with different rough wall geometries.
All configurations share identical inflow conditions: a Mach 2.0 turbulent boundary layer
that interacts with an oblique impinging shock wave with a shock angle of ¢ = 40.04°. This
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Section A-A
D/ =2.0

D/& =10

H/% 17,
7

D/é& D/& =0.50

16.58

Fig.1 a Schematics of the computational domain (including streamwise velocity contours), and b sche-
matic view of the investigated ridge-type rough walls with relevant definitions

Table 1 Summary of flow
parameters adopted in the current

research 20 2882 3556 52 7.7 250 355  40.04°

M, T,[Kl pylkPa] 6,[mm] &, [mm] Re., Re.,, &

Re,  is evaluated at the inlet, and Re at the impingement point

T,imp

results in the STBLI flow depicted in Fig. 1a. The friction Reynolds number Re, , = 6,/4,
is 250 based on the 99% boundary layer thickness at the inflow plane &,. The viscous
length scale is 6, = v,,/u,, where v, is the kinematic viscosity at the wall, u, = 4/7,,/p,, is
the friction velocity; 7,, and p,, are the drag per plane area and the density of the fluid at the
wall, respectively. In the absence of shock wave, the 99% boundary layer thickness at the
inviscid impingement point, which is located 326, downstream of the inlet, is 6,,,, = 1485
and the corresponding friction Reynolds number is Re, ;,,, = 355. The dimensions of the
computational domain for the smooth wall are L, X L, X L, = 45.4 5, X 16.5 6, X 4 & as
shown in Fig. la. The fluid is modeled as a perfect gas with the standard properties of
air. Stagnation temperature and pressure are T, = 288.2 K and p, = 355.6 kPa at the inlet.
Table 1 summarizes the dimensional and non-dimensional flow parameters.

The spanwise heterogeneous roughness consists of sinusoidal ridges with non-
dimensional spacing D/§,, width /8, and height H/§,, see Fig. 1b. To better
assess their efficacy for STBLI control, a parametric study on the ridge spacing D/§,
is performed, where considered values are D/§, = {2.0,1.0,0.5,0.25,0.125}, or
D/6imp = {1.35,0.68,0.34,0.17,0.085} if normalized with boundary layer thickness at
the virtual impingement point, as shown in Fig. 1b. The normalized ridge spacing values
are also included in Tab. 2 for convenience. The non-dimensional height of the ridges is
H/6y, = 0.1 and their width is 1/8, = 0.2 for all rough wall cases, except the case with
D /&, = 0.125 which does not have the flat bottom valley and only consists of continuous
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Fig.2 A zoomed-in view of the 1
Cartesian mesh near the rough

wall with D/, = 0.25 in the

cross-stream plane. The mesh

is uniform in the streamwise

direction =05 1

0 0.51/50 1
Table2 Summary of STBLI STBLI case smooth R, R, R4 Ry Rs
cases parameters
D/é, -/- 2.0 1.0 0.5 025  0.125
D/6;, -/- 135 0.68 034 0.17 0.085
H,.,/H -/- 005 010 020 040 05
Auyty 0.0 1.05 142 231 191  -0.16
H,,pic/ 899 0.096 0.106 0.110 0.112 0.138 0.131
H,priex/ S99 0.0 050 058 045 023 012
(V) pmax/ Yoo * 100 0.0 3.04 299 286 137 0.56
L,/ 9.48 986 9.70 1146 1327 13.25
AplAsep, 1.00 085  0.87 1.09 1.41 1.49
p./py, 0.9391 0.9377 0.9374 0.9396 0.9443 0.9424

sinusoidal waves with D = A due to the limited space in the spanwise direction. If scaled
with the viscous length of the baseline case at the inlet, the non-dimensional width and
height are A* = A/, = 49.6 and ht = H/5, = 24.8. Note that the crests of the ridges are
at the plane of y = 0 and the geometry of the ridge-type roughness is homogeneous along
the streamwise direction.

2.3 Boundary Conditions and Grid Distribution

Smooth and rough walls are modeled with adiabatic non-slip wall boundary conditions.
A Digital Filter (DF) method (Laguarda and Hickel 2024) is employed at the inflow plane
to introduce a synthetic turbulent boundary layer flow with well-defined space and time
correlation in the computational domain. Unlike recycling/rescaling methods, DF methods
can reproduce the first and second-order statistics of the turbulent boundary layer without
introducing spurious correlations that may interfere with the low-frequency dynamics of
STBLI (Touber and Sandham 2008). Non-reflecting boundary condition based on Riemann
invariants is used at the top boundary, where the oblique shock is introduced using the
Rankine—Hugoniont relations (Poinsot and Lele 1992). Linear extrapolation is used at the
outlet and periodicity is imposed in the spanwise direction.

The Cartesian grid for the smooth-wall baseline case consists of
N XNy XN, =512%x192x 128 = 12.6 - 10° cells. The grid resolution in wall units

is Axt =219 and Az =7.74, with Ayxa <0.93. The mesh is coarsened in the

I =
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streamwise and spanwise directions within the boundary layer above y ~ 0.76, and within
the freestream flow. For the rough wall cases, the mesh is locally refined near the wall to
fully resolve the geometry and turbulent structures around the roughness ridges, see Fig. 2.
Note that the shape of each sinusoidal ridge is well resolved with 14 cells and the mesh is
stretched in the wall-normal direction with a very mild constant stretching factor of 1.02.
For the controlled cases, the viscous-scaled grid resolution is Axt =549, Azt =3.87,
Ayt <0.93, which is much finer than what normally required in LES, resulting in
58.7 - 10 cells in total.

3 Results and Discussion
3.1 Upstream Turbulent Boundary Layer

The state of the incoming turbulent boundary layer (TBL) plays a pivotal role in the STBLI
dynamics and organization, particularly in light of the working principle of the proposed
flow-control method. Therefore, the analysis of the results is first focused on the upstream
TBL. A probing station located 205, upstream of the impingement point, which is free
from the influence of the STBLI, is used for this purpose. Meanwhile, the probing station,
situated 126, downstream from the inflow plane, is appropriately positioned to ensure the
turbulence reaches equilibrium (Laguarda and Hickel 2024; Morgan et al. 2011).

In order to better compare the characteristics of the TBL and to also assess the outer-
layer similarity between the smooth wall and rough wall cases, a shifted wall-normal
coordinate correction is considered. As explained by Chung et al. (Chung et al. 2021),
this is necessary because the outer turbulent flow does not perceive its origin at y = 0 if
the wall is rough. The origin of the wall-normal coordinate is thus shifted to the average
roughness elevation height, or meltdown height, above the valley of the rough wall. The
functional relation between y, /6, and y/§, can be written as:

ys/60=(y+H_Hmd)/60 (1)

This is illustrated in Fig. 3, which shows the definition of the shifted wall-normal coordi-
nate y, and the non-dimensional roughness meltdown height H,, ,/8,. For the smooth wall
case, y,/8, simplifies to y /6.

Figure 4a shows the van Driest transformed mean velocity profile of the smooth-wall
case. It is worth mentioning that intrinsic averaging is applied, considering only the fluid
volume fraction of cells that are cut by the geometry as weights when calculating the flow
statistics. The velocity profile agrees well with the classic law of the wall, confirming the
accuracy of the incoming turbulent boundary layer. Reference DNS data of a Ma 2.0 TBL

Fig. 3 Definition of the shifted
wall-normal coordinate y, and Vs / 5()
roughness meltdown height H,,;

¥/

IS

XS
28
R

5%
X
R

o
R
o
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Fig.4 Comparison of present LES ( ) for the smooth wall case and DNS (0) of Pirozzoli and Ber-
nardini (2011); a van Driest transformed mean velocity profiles and b density scaled Reynolds stresses.
Note: LES results are taken from (x — x;,,,)/8y = —20.0, where Re, = 285, and DNS data is at Re, = 250

from Pirozzoli and Bernardini (2011) is also included in the figure and is in good agree-
ment with the LES data. Note that the LES has a slightly higher friction Reynolds number
(Re, = 285 at this station) than the DNS case (Re, = 250), which is correctly represented
by higher (u)?, in the wake region. The density-scaled Reynolds stresses are shown in
Fig. 4b and further highlight the very good agreement between the baseline LES and DNS
results for a smooth wall. Small differences near the boundary-layer edge can be attributed
to the difference in Reynolds number.

A comparison of the van Driest transformed mean velocity profiles of the controlled
cases is shown in Fig. 5a. A clear downshift of the profile is observed for all rough-wall
cases except for the case with a ridge spacing of D/§, = 0.125. The downshift indicates a
drag increase and the corresponding momentum deficit due to the surface roughness, which
can be quantified with the roughness function A(u)*) = (u)jD’S - (u):’D’R, where (u):’D’S
and (u)jD’  Tepresent the velocity profile over the smooth wall and the rough wall, respec-
tively. The larger A(u):r , the higher the added drag as a result of the roughness (Chung

(a) (b)
2_ [ ]
r m
i .
Sk )
\:/,
4 L
0 _______________________
[ |
0 Tl Lol Lo TR BRI SYETETErE BT |
100 10! 102 100 00 05 10 15 20
¥ D/s,

Fig.5 a van Driest transformed mean velocity profiles of the incoming turbulent boundary layer
for: smooth wall; D/6y = 2.0;=-—-D/6y = 1.0;=-=--D /6y = 0.5;— —D /&, = 0.25;——
D/&, = 0.125. b Roughness function for different non-dimensional ridge spacings. All results are taken
at (x — x;,,,)/6, = —20.0

imp
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et al. 2021). Note that the downshift of velocity profiles is usually measured in the log-law
region; however, A(u):’D is measured here in the free stream because the investigated Reyn-
olds number is low.

Figure 5b shows the relation between A(u)!, and D/§,. Interestingly, when D/§,
decreases, A(u)jD increases first (i.e., increased added drag) and then decreases. For the
smallest spacing D/6, = 0.125, A(u)?, drops below zero indicating a decrease in drag
compared to the smooth wall. This non-monotonic trend of A{u)? is consistent with previ-
ous studies (von Deyn et al. 2022b). The effect of the ridge spacing is expected to tend to
diminish when the spacing approaches zero or infinity since — in both circumstances — the
rough wall asymptotically tends towards an effectively smooth wall. For large finite ridge
spacing, friction increases due to the larger wetted area compared to a smooth wall. As the
spacing keeps decreasing, the ridge-type rough wall eventually transitions into the category
of riblets and the skin friction reduces by exposing less surface area to high-velocity flow
(Choi et al. 1993).

Profiles of the Reynolds stresses 7; = (p)(u;uj{) for the smooth-wall and rough-wall
cases are compared in Fig. 6. The Reynolds stresses are normalized with the local wall
shear at the probing station, whose value is obtained by integrating the wall shear stress
in the spanwise direction over the wetted area and then normalizing it by the projected
(plane) area. The profiles match well in the outer region of the TBL, while visible dif-
ferences are found in the inner region up to approximately y* = 100 due to different wall
geometries. The peak of 7, = (p)(u'u’) reduces when D/§, decreases from 2.0 to 0.5 and
then increases for D /4§, from 0.5 to 0.125. The Reynolds shear stress shows a similar trend
when the ridge spacing varies.

(o) (V) /7,

(o)),

Fig.6 Density scaled Reynolds stress profiles of the incoming turbulent boundary layer at
(X = X;,,) /89 = =20.0 for smooth wall and rough wall cases: smooth wall; D/5y =2.0;=-—-

D/&, = 1.0;--.=-D/§, = 0.5—— D/§, = 0.25.—— D /5, = 0.125
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D/ = 2.0 D/dy = 1.0 D/6y =05

D/0, = 0.125

H o = 0.1 24

= R

Fig.7 Mean flow streamlines and Mach number distribution in a cross-stream plane at (x — x;,,)/8y = —20.
The sonic line is shown in lime

The roughness-induced secondary flow is visualized in Fig. 7, which shows stream-
lines and Mach number distribution of the mean flow in the cross-stream plane at
(X = Xynp) /89 = —20. Clear streamwise vortices induced by the roughness structure can be
observed in the cross-stream plane, with upwash occurring at the ridges for all rough wall
cases, consistent with findings from the incompressible flow experiment of Zampiron et al.
(2020). The effect of rough walls on the Mach number distribution is confined within the
thickness of the TBL, that is, the outer flow is only marginally affected by the rough wall
upstream of the interaction region. The shape of the sonic line, see the lime line around
0.1 6, above the wall in Fig. 7, is clearly altered by the wall shape. For larger ridge spac-
ing cases, the sonic line basically follows the curvature of the rough wall structure. For the
smaller ridge spacing cases, the sonic line remains at a distance of 0.1 §, above the ridges
and tends to recover a straight line. Note that this causes a larger subsonic cross-section
area as compared to the smooth wall and the cases with wide ridge spacing. Figure 9a sum-
marizes the spanwise-averaged height of the sonic lines expressed in the shifted wall nor-
mal coordinate. By measuring from the shifted wall origin, the spanwise-averaged height
conveniently represents the subsonic area of the incoming boundary layer. When reducing
the ridge spacing, the mean sonic height increases first, reaching for D/§, = 0.25 the maxi-
mum value of 48% larger than the one in the smooth wall case, and then decreases.

Contours of the vertical velocity and velocity vectors in Fig. 8 also visualize the sec-
ondary-flow vortices. The maximum magnitude of the vertical velocity is observed to be
around 3% of the freestream velocity, which agrees with the results reported by Vanderwel
et al. (2019). From the streamline map of Fig. 7, it seems that another vortex pair adjacent
to the vortex touching the ridges is induced in the cases D/§, = 2.0, 1.0. However, this
vortex pair is actually rather weak compared to the vortex pair near the ridges. Figure 8
shows that the magnitude of cross-stream velocity vectors in the valley is close to zero. The
size of secondary flow vortices, which is here measured as the distance from the shifted
wall origin to the highest location with secondary flow towards the wall, increases with
D/é, and reaches a maximum of around 0.5 local boundary layer thickness &4y in case
D/8,=1.0 as shown in Fig. 9b. This trend of size increase aligns with the findings of Zam-
piron et al. (2020) and Zhdanov et al. (2024), who indicate that in incompressible channel
flow over ridges, the size of secondary vortices increases until they fill the entire channel.
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=15
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0.5 10 0.5 1 {v)/ueo 100

-1 -05 0 05 -1 -05 0
7/ & 2/ 2/

Fig.8 Mean vertical velocity in a cross-stream plane at (x — x;,,,)/8, = —20 with superposed cross-stream
velocity vectors. The sonic line is shown in lime

Fig.9 a Spanwise-averaged (a) (b) 0.6
height of the mean sonic line, 0.12} a 3
b height of the secondary - [ .
vortices induced by the rough 2 3 204 = N
wall structure, ¢ maximum value <L I Qx F
of the mean vertical velocity, '§0~ 10~ - [
and d mean secondary flow [ " . =021 =
intensity of such vortices at | r
(X = X;,)/ 89 = =20 as a function 0.08 b= "
of the ridge distance D/4§. The TN PR I | 00l il 1yl
corresponding value from the 00 05 1.0 15 20 00 05 10 15 20
smooth wall case is indicated D/, D/3,
with a dashed line in a (c) F (d) 7.5p .
3r a u = r
2| : -
2k §5.0 C .
ix C = L
sSE" ~ns[m
351 - 2.5:
(= +
I I R 0.0l
00 05 10 15 20 00 05 10 15 20
D/4, D/s,

The intensity of the secondary flows can be evaluated both locally and globally. Locally,
the intensity of the secondary motions can be represented by the maximum vertical veloc-
ity of the secondary flows before the interaction, as shown in Fig. 9c. The maximum verti-
cal velocity increases with the ridge spacing from D/§, = 0 to 1.0 and then remains almost
constant regardless of the increase of the ridge spacing. However, the maximum downwash
velocity in the valleys reduces with the larger ridge spacing as the vortices stretch wider.
On the other hand, the global intensity of the secondary flow can be quantified by the vari-
able introduced by Guo et al. (2022b), which is defined as:
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=L / VP + (w2 Ju dxdydz. @)
Vv

As shown in Fig. 9d, the global intensity / peaks at D/, = 0.5, which is consistent with
the observation in Fig. 8 that strong secondary vortices fully fill the whole span for the case
with D/§, = 0.5.

3.2 Interaction Region

Figure 10 shows contour plots of the mean pressure fluctuation distribution on the z =0
plane for all cases. The shock system, sonic line, and separation lines are superimposed on
the contours to provide a reference. It is clear that the most intensive pressure fluctuations
appear along the separation shock, especially in the part above the intersection of incident
shock and separation shock. Another region of high pressure fluctuations is found around
the location where the incident shock impinges on the shear layer. Milder pressure fluctua-
tions are found along the sonic line and expansion fan. Compared with the smooth wall
case, cases D/8, = 2.0 and D/§, = 1.0 show a higher pressure fluctuation intensity at the
separation shock. Contrarily, case D/§, = 0.25 exhibits the weakest pressure fluctuations at
the separation shock. It is also noticeable that case D/§, = 0.25 is characterized by an ele-
vated shock intersection point and the longest interaction length, and the separation region
is clearly enlarged for this case.

To better quantify the impact of wall roughness, the streamwise distributions of the
spanwise averaged wall pressure (p,,)/p.,, Wall-pressure fluctuation /{p’p’)/p,, and skin
friction coefficient C; within the interaction region are discussed next. The wall pressure
distributions are shown in Fig. 11a, where no significant difference is observed between
the smooth wall and the D/§, = 2.0, 1.0 cases. However, when D/, decreases from 1.0
to 0.25, the onset of the interaction moves upstream, resulting in an increase in the total
interaction length. For D/§; = 0.125, the onset location moves downstream instead. At the
same time, the maximum wall pressure near the reattachment point first drops then rises

(a)

= O

[\V)

)

—
o

Y/
= OO

—~
@
~

= OO N

Y/

]

[e=}

-5 10 -5 0 5 10-15 -0 -5 0 5 10
(& = Timp) /00 (& = Timp) /00

VAP /oo <

01 02 03 04 05

Fig. 10 Mean pressure fluctuation distribution at z = 0 plane. Solid line color legend: zero mean streamwise
velocity (red), mean sonic line (lime) and mean shock position (black)
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Fig. 11 Spanwise averaged a
wall pressure and b wall pressure
fluctuation c¢ friction coefficient
along streamwise direction

for: smooth wall;
D/6y =2.03=-—-D/5,=1.0
S D/50 =0.5— —

D/8, = 0.25——D/5, = 0.125

with decreasing D /8. A non-monotonic trend is evident, with the case D/, = 0.25 exhib-
iting the longest interaction length yet the smallest pressure increase, resulting in the most
gradual pressure rise. Profiles of the wall-pressure r.m.s. fluctuation are shown in Fig. 11b.
A typical feature of impinging STBLI is that the pressure fluctuation exhibits a local mini-
mum in the middle of the separation bubble and local maxima near the separation and reat-
tachment points (Pasquariello et al. 2017). However, we observe that the peak value in the
case D/§, = 0.25 is 12% lower than the baseline peak value, which hints at an attenuated
separation shock unsteadiness. Therefore, it is worth investigating in more detail the behav-
ior of the pressure fluctuations across different frequencies, which might provide additional
insight on the reduction of the pressure peak and the mechanism responsible for this. This
will be partially addressed in the upcoming sections. Case D /&, = 0.125 shows a peak
pressure fluctuation between the values for D/, = 0.25 and the smooth wall case. The
location of the peak pressure fluctuation moves similarly to the onset of the interaction,
with case D/§, = 0.25 exhibiting the most upstream location, which is consistent with a
substantial increase in the size of the reverse-flow region.

Figure 1lc shows that the friction coefficient C; upstream the interaction region
changes in a non-monotonic fashion with increasing D/§, reaching a maximum value for
D/é&, = 0.5. This is consistent with the analysis of the upstream TBL. The C; distribution
also indicates that the separation region is divided into a primary separation zone and a
secondary separation zone for large ridge spacing cases, i.e., D/, = 2.0,1.0,0.5. The
total separation length increases when decreasing D /4, from 1.0 to 0.25, while it remains
almost unaffected for other values of D/§, and slowly approaches the smooth wall case for
further increased or decreased ridge spacing. The case D/, = 0.125 exhibits the lowest C;
in the separation region, especially right after the separation, indicating a stronger reverse
flow in the separation bubble.

Figure 12 shows the local skin-friction coefficient distribution projected on the hori-
zontal plane, thus including the effect of the increased wetted area. Before the interaction
region, the skin friction shows the periodic pattern of the ridges, where higher friction
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Fig. 12 Local skin friction coefficient distribution projected on the horizontal plane. Black lines denote the
location where C; = 0

appears due to the increased surface area. The separation and reattachment lines are highly
spanwise corrugated in rough wall cases. This is because the ridges protrude into higher-
speed flow, delaying separation and accelerating reattachment on top of the ridges relative
to the flow in the valleys. The flow near the corners between ridges and valleys separates
more easily due to corner effects. At corners, the wall-shear stress on the two adjacent
walls reduces and it drops to zero right at the corner, giving rise to a less full boundary
layer in this region, thus promoting separation. An interesting observation for cases with
larger ridge spacing, such as D/§, = 2.0,1.0,0.5, is that the flow over the valleys reat-
taches to the wall shortly after the initial separation, forming a locally attached region
before the main separation bubble. A similar flow topology was also reported by Guo et al.
(2022a). The flow over the valley for these three cases, D/§, = 2.0, 1.0, 0.5, delays the
mean-flow separation compared to the smooth wall case. This is believed to be the result of
the downwash flow, which enhances momentum exchange brought about by the secondary
vortices. For smaller ridge spacing, the subsonic region of the upstream turbulent boundary
layer becomes thicker, promoting the upstream propagation of the adverse pressure gradi-
ent, making separation more likely.

@ Springer



Flow, Turbulence and Combustion

Fig. 13 a Spanwise-averaged (a) (b)
separation length and b relative 14 L6
separation area as a function (mm Fm
of D/é&,. The dashed line L 14 [ =
denotes the corresponding value 12 N
in smooth wall case SO " <c§’1 b
<ol 3 .
. B - < 0
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Figure 13 summarizes how the separation length and separation area change with
different ridge spacings. The separation length is calculated from the spanwise aver-
aged C; distribution, and measured as the distance between the first separation point to
the final reattachment point. For cases D/§, = 2.0, 1.0, the separation length is slightly
larger than the smooth wall case, but the separation area reduces around 15% because
the flow reattaches in the valleys. For the small ridge spacing case D/§, = 0.25,0.125,
the separation lengths increase by around 40% and the separation areas increase by 41%
and 48% respectively.

The assessment of total pressure recovery holds critical importance in aero-engine
inlet design. We therefore analyse the total pressure recovery at the (x — x;,,,) /6y =10
plane, which is near the outlet of the computational domain. As shown in Fig. 14a, over-
all, the profiles for the smooth wall and two large ridge spacing cases D/§, = 2.0, 1.0
are very similar and have the highest total pressure in the near-wall region y, /&, < 2.0.
The total pressure recovery decreases as D/§, reduces from 1.0 to 0.25, and subse-
quently increases as the ridge spacing decreases further. However, when the view is
expanded to observe areas farther from the wall, as depicted in Fig. 14b, the trend in
total pressure recovery with ridge spacing is inverted compared to the near-wall region.
Case D/, = 0.25 exhibits the highest pressure recovery in a relatively large region from
v,/6y = 2.5 until y, /8, = 10.0. Even though the curves show only small differences, the
trend is significant and consistent with the observation that cases with higher friction
suffer from more viscous loss in the near-wall region, while they also benefit from a

00 05 1.5 20

.. B 1.0
p/py, D/5,

Fig. 14 Spanwise-averaged total pressure recovery profile at the (x — x;,,)/d, = 10 plane a near the wall
and b away from the wall for: smooth wall; D/§y = 2.03=-—- D/&; = 1.0;=+-m- D/, = 0.50— —

D/6, = 0.25——D/§, = 0.125. ¢ Mass-flow averaged total pressure recovery at the same plane as a func-
tion of D/,
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more diffused shock, resulting in higher total pressure recovery. Since the mass flow
away from the wall is significantly higher than the mass flow near the wall, the overall
effect is that case D/§, = 0.25 achieves an approximately 0.5% higher mass-flow aver-
aged total pressure recovery than the smooth-wall case, see Fig. 14c.

3.3 Low-Frequency Dynamics

It is well known that STBLI are subject to large-scale low-frequency oscillations (Clemens
and Narayanaswamy 2014). The streamwise distribution of the wall-pressure fluctuations
indicated that streamwise-aligned ridges with a small ridge spacing (D/6§, = 0.25) may
be effective in attenuating the low-frequency motion of the separation shock. To further
support this claim, we analyze the unsteady pressure probe data and perform a modal
analysis of the flow field.

3.3.1 Spectral Analysis

We place 282 equally spaced pressure probes (A /8, = 0.09) along the streamwise direction
at y = 0 in the mid-plane, as indicated by the red dotted line in Fig. la, and samples
have been collected over a time span around 4000 &,/u., with a sampling frequency of
f; = 46u, /6. This theoretically enables us to capture the flow unsteadiness within a very
wide frequency range from 2.5 x 107 u_ /§, to 23 u, /8, We employ Welch’s method
with Hann windows to compute the PSD employing eight segments with 50% overlap to
achieve statistical convergence so that each time window has a length of 8896,/u.,. The
corresponding frequency range is 1.12 X 1073u, /8, to 23u,, /&,

‘ maximum pressure ﬁuCtIlZ;tOl’l
D/& =0.125 smooth
-10 -5 0 5 10 -10 -5 0 5 10

(x_ximp)/a() f~PSD(f)/IPSD(f)df (x_ximp)/(s()

Fig. 15 Pre-multiplied power spectra density maps of wall-pressure signals at the mid-plane. The red lines
denote the location where G = 0, i.e., separation and reattachment locations; the blue lines denote the loca-
tion where maximum pressure fluctuation appears
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The separation length is selected as the characteristic length scale to define the Strouhal-
number St =fL,, /u.. Figure 15 shows the pre-multiplied power spectral density (PSD) of
the wall-pressure signals. PSDs are normalized by the local pressure variance to highlight
the relative local contributions to the variance at different frequencies, independent of the
overall fluctuation strength.

The PSDs of the upstream TBL in all cases show high amplitudes centered around
fLep /U = 10, which reflects the characteristic frequency of the turbulent boundary
layer. Near the location of the separation line, an energetic low-frequency tone appears,
approximately two orders of magnitude lower than the characteristic frequency in the
upstream TBL. Because of the diffused character of the separation shock for the low
Reynolds number case, the low-frequency content spreads over around two boundary
layer thicknesses in streamwise direction. Correspondingly, the intensity is lower than
typically observed in higher Reynolds number impinging STBLI (Pasquariello et al.
2017; Dupont et al. 2006). Comparing the smooth case with the rough cases, we observe
that the low-frequency content for the three cases with the relatively large ridge spacing
(D/é, =2.0,1.0,0.5) is similar to the smooth-wall case, but it appears significantly weaker
for D/&, = 0.25 and 0.125.

Figure 15 also indicates that the location of low-frequency content appears near the
separation point but does not necessarily coincide with the maximum pressure fluctuation
point. The maximum pressure fluctuation appears downstream of the separation points,
where the local pressure is mostly influenced by the detached shear layer vortices.

To better compare the low-frequency content at the separation line, we show the spectral
content of the smooth-wall case and controlled cases with D/§, = {0.5,0.25} in Fig. 16.
We observe that all PSDs show significant content at SILW ~ 10 before the interaction,
corresponding to the characteristic frequency of the TBL turbulence. However, the PSD of
D/8, = 0.5 case is higher than the smooth wall case near fL,,/u., ~ 0.05, and the PSD
for D/, = 0.25 drops significantly below the smooth wall case near this frequency. This
provides additional evidence that the ridge-type roughness with D/§, = 0.25 can attenuate
the separation shock footprint on the wall.

3.3.2 Dynamic Mode Decomposition

To better decouple different frequency dynamics and further validate our previous find-
ings, a modal analysis was carried out based on Sparsity Promoting Dynamic Mode
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Fig. 16 Pre-multiplied power spectral density of wall-pressure signals at the mean separation lines of
D/5y,=0.5 (=--=-) and D/§, = 0.25 (— —) compared to the smooth wall ( ). The averaged loca-
tion of the separation line is at (x,, — x;,,)/8) = —8.56 for the smooth wall; (x,,, — X;,,)/8y = —9.18 for
D/&, = 0.5; and (x,,, = %;,,,)/ 8 = —10.66 for D/, = 0.25
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Decomposition (SPDMD). Dynamic Mode Decomposition (DMD) (Schmid 2010) is a
purely data-driven decomposition technique that aims to extract coherent spatial-temporal
structures from a sequence of snapshots. SPDMD is a variant of DMD that significantly
simplifies the analysis and interpretation by automatically selecting the most relevant
modes from the standard DMD solution (Jovanovié et al. 2014). We apply SPDMD to 4101
2D snapshots of the pressure field at the z = 0 and y = 0 planes covering a time interval of
tu,, /8, = 3997.5 at a sampling frequency of f,6,/u., = 1to conduct SPDMD. The corre-
sponding frequency resolution range is 2.5 X 107 < Sts, <0.5.

The mode amplitudes y;, which are normalized by the mean mode amplitude, from the
DMD analysis are shown in Fig. 17 supplemented by a close-up view of eigenvalues y;
distribution. Since the input data is real-valued, modes appear as complex conjugate pairs
but only the ones in the positive branch are shown here. SPDMD effectively selects modes
that represent the dynamics at low and medium frequencies; modes selected by SPDMD
are colored in red in Fig. 17. The distribution of the SPDMD selected modes indicates that
case D/, =0.25 shows attenuated low-frequency unsteadiness. Only one mode with
StLW < 0.11s selected by SPDMD for this case.

Figure 18 shows the mode shape of selected low-frequency and high-frequency modes
for the smooth-wall case (upper row) and for case D/6, = 0.25 (lower row). Representative

0.10;
smooth

0.05]

—0.05

—0.10 096

107! : 1072
Str.,

Fig. 177 Normalized amplitudes (black lines) of the DMD modes from the rough wall cases. The close-up
view shows the eigenvalue distribution. The red color indicates a SPDMD subset of N, = 17 modes
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by black solid lines

low-frequency modes from the smooth-wall and rough-wall case are shown in the left col-
umn, Fig. 18a, c, and clearly represent the motion of the separation shock. The impinging
shock is steady and does not cause any fluctuation. The slightly less pronounced separation
shock motion observed for case D/§, = 0.25 is consistent with previous conclusions drawn
from the wall-pressure fluctuations in Fig. 10. We also see that the shock-motion induced
pressure fluctuation gradually diffuses when approaching the wall. The high-frequency
modes shown in Fig. 18b, d primarily show pressure fluctuation caused by the shedding
of shear-layer vortices. These fluctuations propagate further downstream and persist even
after the interaction region.

4 Conclusion

The effect of spanwise heterogeneous roughness on the interaction between an impinging
shock wave and a turbulent boundary layer at Mach 2.0 and Re, ~ 355 has been investi-
gated. The structured roughness pattern is constituted by streamwise-aligned ridges, which
induce secondary flow of Prandtl’s second kind. The size and intensity of the induced
streamwise vortices increase with increasing non-dimensional ridge spacing and reach a
maximum at D/, = 1.0. We found that a large ridge spacing (D/§, = 2.0, 1.0) reduces
the separation area by 15% but leads to stronger wall pressure fluctuation. A ridge spacing
of D/é, = 0.25 increases the separation area and decreases the peak value of the pressure
fluctuation by 12% compared with the smooth wall case. Based on the analysis of wall-
pressure spectra and a dynamic mode decomposition of 2D pressure fields, the reduction
in pressure fluctuation is demonstrated to be associated with the attenuated low-frequency
unsteadiness of the separation shock. To the best of our knowledge, this study presents
the first observation that ridge-type roughness can reduce the wall pressure fluctuation
peak near the separation point. The increase in total pressure recovery further underscores
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the potential of ridge-type roughness for engineering applications, such as in supersonic
engine inlets.

The present study provides a proof-of-concept for a relatively low Reynolds number.
We expect the control effect of the turbulence induced secondary flow will persist for high-
Reynolds STBLI with a sharper separation shock and more pronounced low-frequency
unsteadiness; however, this hypothesis needs to be corroborated with future studies.
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