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ABSTRACT

We revisit the origin of low-frequency unsteadiness in turbulent recirculation bubbles (TRBs), and, in particular, the hypothesis of a dynamic
feedback mechanism between unconstrained separation and reattachment locations. To this end, we conduct wall-resolved large-eddy simula-
tions of a novel experimental configuration where a shock-induced TRB forms over a backward-facing step that is intended to intercept the
hypothesized dynamic feedback. Our results demonstrate, for the first time, effective suppression of the low-frequency characteristics of the

TRB without reducing its size, strongly supporting our hypothesis.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0227332

Oscillating loads resulting from shock-wave/turbulent boundary-
layer interactions (STBLIs) pose a significant challenge in the design
and operation of high-speed aerospace systems.' It is well-established
that the shock-induced turbulent recirculation bubble (TRB) under-
goes continuous expansion and contraction at very low frequencies,
specifically two to three orders of magnitude lower than the character-
istic frequency of integral boundary layer scales. This motion is corre-
lated with the longitudinal excursion of the separation shock, leading
to intermittent and high-amplitude thermomechanical loading on the
surface. Such conditions are detrimental to the integrity of light-weight
structural components, which may resonate with the unsteady loading
and fail by high-cycle fatigue.

While several theories have been proposed to explain the low-
frequency unsteadiness of STBLISs, associated with a separation-length
based Strouhal number St;,, smaller than ~ 0.1,” none of these have
been conclusively supported by evidence. These theories are broadly
categorized into upstream and downstream mechanisms.” Upstream
mechanisms suggest that low-frequency dynamics arise from the pas-
sage of very large coherent structures present in the incoming turbu-
lent boundary layer (TBL), but these structures have only been
identified at high Reynolds number." Downstream mechanisms, on
the other hand, view the low-frequency unsteadiness as an intrinsic
property of the TRB. Several models have been developed based on
this idea, including an acoustic resonance mechanism in the TRB,” a
hydrodynamic instability in the free shear layer,” a depleting/recharge

process based on fluid entrainment by the free shear layer,” and the
presence of centrifugal instabilities at separation and/or reattachment
that continuously force the TRB.”” All these mechanisms can also
manifest in low-speed TRBs, which have been found to exhibit very
similar low-frequency unsteadiness."’

While downstream mechanisms may manifest over a wide range
of Reynolds and Mach numbers, it is noteworthy that only TRBs with
unconstrained separation and reattachment points—meaning those
with neither end fixed in the streamwise direction by the surface
geometry—exhibit energetic low-frequency content. This is the case in
impinging and compression-ramp STBLIs, where boundary-layer sep-
aration is induced by an adverse pressure gradient and is bound by
two strong and unconstrained compressions. In contrast, forward- and
backward-facing step flows do not exhibit such energetic low-
frequency dynamics in the range St;, < 0.1,'""” likely because either
the separation or the reattachment points are geometrically con-
strained, i.e., fixed, in the streamwise direction by the step.

The significance of this observation should not be understated
since most of the potential mechanisms hypothesized in the literature
as drivers of the low-frequency unsteadiness are present in step-
induced TRBs, yet their dynamic characteristics are evidently
different. The new hypothesis we propose is that TRBs do not require
a particular low-frequency forcing. Instead, energetic low frequencies
emerge as a result of a dynamic feedback between the separation and
reattachment points, which can induce hysteresis effects in the
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higher-frequency oscillations of the free shear layer (occurring at
Stiep = 0.1, thus leading to low-frequency unsteadiness at
Strsep < 0.1. A necessary condition for this dynamic feedback to mani-
fest is therefore that both the separation and reattachment points are
unconstrained in the streamwise direction, which is not the case in
step flows.

If our hypothesis holds, it suggests that the undesirable low-
frequency content of the interaction can be suppressed by disrupting
the dynamic coupling between separation and reattachment, without
reducing the size of the TRB (as most control strategies aim to do) and
with most of the mechanisms considered potential drivers of the low-
frequency unsteadiness remaining active.

To test our hypothesis, we performed wall-resolved large-eddy sim-
ulations (LES) of a novel setup involving an impinging STBLI flow
developing over a two-dimensional backward-facing step, as depicted in
Fig. 1. The step is positioned at 50% of the reverse-flow region and is
aimed to intercept the hypothesized dynamic coupling of the uncon-
strained separation and reattachment lines, potentially leading to com-
plete decoupling at sufficiently large step heights. To assess the influence
of the step height on the TRB dynamics, we investigated four different
cases including the baseline interaction without a step and three step-
controlled interactions with step heights of 0.35d, 0.7, and 1.44,
where Jy is the thickness of the undisturbed TBL at the step location.

The baseline interaction setup corresponds to the low-Reynolds
interaction described in Laguarda et al."” (case By). It involves an obli-
que shock wave (40.04°) impinging on a Mach 2.0 TBL flow with fric-
tion Reynolds number Re; = 355 at the inviscid impingement point
(labeled ;). In the step-controlled cases, the computational domain
of the baseline setup is extended below the wall-plane after the step
location, maintaining a constant grid spacing that corresponds to the
fine wall-grid spacing of the baseline grid. All simulations are per-
formed using the finite volume solver INCA, which employs the adap-
tive local deconvolution method (ALDM) for implicit LES of the
compressible Navier-Stokes equations.'® Further details on the baseline
test case, numerical setup, and data collection and processing can be
found in Laguarda et al."”

The influence of the step on the flow organization is first exam-
ined in Fig. 2, which shows relevant wall properties across the investi-
gated cases. The skin-friction distributions in Fig. 2(a) show the
footprint of large TRBs in all cases, with the separation point gradually
moving downstream with increasing step height but still remaining
upstream of the step. For the largest step, the mean separation occurs
approximately 0.76, upstream of the step location. Furthermore,
increasing the step height results in a downstream movement of the
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FIG. 1. Schematics of the computational domain.
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reattachment point, which increases the mean volume of the TRB by
36%, 100%, and 271%, respectively, for the different step heights. The
separation lengths, determined by the first and last zero crossings of
the skin-friction distribution in the streamwise direction, are Ly, =
6.950 for the baseline case, and 6.799,, 6.98d¢, and 7.779, for the
step-controlled interactions, in order of increasing step height. Figure
2(a) also highlights the formation of a counterclockwise recirculating
bubble near each step, a feature characteristic of step flows."’

The mean wall-pressure distributions in Fig. 2(b) reveal a
decrease in the peak pressure at reattachment as the step height
increases, caused by the increasingly pronounced expansion at the
step. In contrast, the mean pressure gradient at the leading edge of the
interaction is less affected by the step, consistent with free-interaction
theory (not shown). The peak intensity of the wall-pressure fluctua-
tions [see Fig. 2(c)] also remains relatively consistent across all cases,
despite being located closer to the step. This consistency is expected
because wall-pressure fluctuations at low Reynolds number are pri-
marily influenced by amplified vorticity fluctuations and shear layer
dynamics rather than the low-frequency unsteadiness of the separation
shock.'” Downstream of the interaction, the observed increase in wall-
pressure fluctuation intensity is attributed to reattaching shear layer
vortices, and it exhibits similar levels across all cases.
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FIG. 2. Time- and spanwise-averaged (a) skin-friction, (b) wall pressure, and (c)
wall-pressure fluctuation intensity. Color legend: (purple curve) baseline interaction
(no-step case); (other colors) step-controlled interactions with a step height of
(magenta curve) 0.350y, (red curve) 0.74o, and (orange curve) 1.40,.
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Differences in flow organization are further highlighted in Fig. 3,
which depicts contours of pressure fluctuations and streamwise-
velocity fluctuations for both the baseline interaction and the step-
controlled interaction with the intermediate step. Notably, the presence
of the step results in attenuated pressure fluctuations at the separation
shock and the detaching shear layer. A similar effect is observed for the
streamwise-velocity fluctuations, except at the separation-shock foot,
where the peak intensity is predominantly influenced by the mean
flow deceleration induced by the pressure gradient,"” and thus remains
relatively unaffected by the step. The separation-shock angle also
remains approximately constant across all cases, consistent once again
with predictions from free-interaction theory.

The isocontours of zero streamwise velocity (magenta line) reveal
a clear difference in the shape of the bubble. In the larger step-
controlled cases, the reverse-flow region remains shallow and confined
close to the wall before the step. This suggests that the step effectively
divides the separation region into two distinct compartments, with sig-
nificant mixing with the outer flow and fluid entrainment occurring
only downstream of the step, where the reverse flow is not confined to
the wall. Such a condition potentially facilitates the decoupling of sepa-
ration and reattachment, which is the primary objective of the present
experiments.

To substantiate this observation, we evaluate the crucial aspect of
unsteadiness in the investigated TRBs through spectral analysis of
wall-pressure signals for each case, depicted in Figures 4(a)-4(d) as
pre-multiplied power spectral density (PSD) plots. These plots
unequivocally demonstrate that the prominent low-frequency compo-
nent present around the separation-shock foot in the baseline interac-
tion (at S, < 0.1) diminishes progressively with increasing step
height. This reduction is evident not only near the separation point but
also within the recirculation region and near the reattachment point.
Consequently, the observed changes in the shape of the TRB correlate
strongly with the suppression of low-frequency dynamics, thus sup-
porting our hypothesis.

(P'P') /P EEE—T
0.3

(a) 0 015
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To confirm the effective suppression of low-frequency dynamics
beyond their mere attenuation at the wall, we also examined the pre-
multiplied PSD of the spanwise-averaged separation-shock location
for each case, tracked above the TBL. These results are shown in
Fig. 4(e), where the step height increases from top to bottom.
Consistent with the wall-pressure PSDs and the two-dimensional con-
tours in Fig. 3, these spectra clearly illustrate a progressive decrease in
the separation-shock motion at low frequencies (St,, < 0.1) with
increasing step height. Since the incoming boundary layer turbulence
is identical for all cases, we can rule out upstream mechanisms as the
cause of low-frequency unsteadiness.

We have also analyzed the two-dimensional zero time lag cross
correlation of wall-pressure fluctuations with the reattachment loca-
tion as a reference point. The results, shown in Fig. 5(a) with step
height increasing from top to bottom, confirm that wall-pressure fluc-
tuations at the separation and reattachment locations are no longer
anti-correlated in the larger step cases. This is evident from the absence
of a significant correlation around the mean separation location, which
is indicated by a dashed line.

Additionally, Fig. 5(b) presents cross correlation maps computed
with skin-friction fluctuations, and these confirm the presence of
streaky structures beyond reattachment in all cases. Previous works
identify these streaks as the imprint of streamwise-aligned vortices—
often referred to as Gortler-like vortices—at reattachment.”” Although
their exact role in the low-frequency dynamics of the TRB remains
inconclusive, our results show that these structures persist even when
low-frequency dynamics are suppressed. This suggests that
streamwise-aligned vortices either do not play a pivotal role in such
dynamics, or they must originate from strong concave streamline cur-
vature at separation to be dynamically significant, a condition that is
absent in the large-step-controlled TRBs.

To summarize, we have provided evidence that the low-frequency
dynamics of TRBs may originate from a dynamic coupling between
unconstrained separation and reattachment lines. This coupling can be

(w0 Ju, .
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FIG. 3. Pressure fluctuation intensity (left) and streamwise velocity fluctuations (right) for (a) the baseline interaction (no-step case) and (b) the step-controlled interaction with a
step height of 0.7,. Magenta and black lines, respectively, indicate the time- and spanwise-averaged separation line ((u) = 0) and sonic line ((M) = 1).
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FIG. 4. Pre-multiplied PSD of (a)—(d) wall-pressure fluctuations and (e) spanwise-averaged separation-shock location tracked above the TBL. The step height increases from
(a) to (d), and its location is indicated by a dotted line. The mean separation and reattachment locations in these panels are marked by dashed and dashed-dotted lines, respec-
tively, and the color map ranges linearly from light gray to light red. In (e), the step height increases from top to bottom, with spectra offset for clarity (refer to the caption of

Fig. 2 for the line legend).
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FIG. 5. Two-dimensional zero time lag cross correlation R(x,Az) referenced to the reattachment location (dashed-dotted line) for (a) wall-pressure fluctuations and
(b) skin-friction fluctuations. The step height increases from top to bottom, and the colormap ranges from R = —0.3 (gray) to R = 0.3 (red). Refer to the caption of Fig. 4 for

additional details.

effectively intercepted by placing a backward-facing step underneath
the TRB, a strategy not previously explored in the literature. The pro-
nounced expansion at the step is found to progressively alter the flow
topology of the TRB as the step height increases, keeping the reverse-
flow region shallow and confined close to the wall upstream of the step.
This alteration allows mixing and fluid entrainment to be significant
only downstream of the step, effectively compartmentalizing the TRB.

We show that this compartmentalization strongly correlates with the
overall suppression of low-frequency dynamics, thereby supporting our
hypothesis about their origin.
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