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Abstract

This study investigates shock-turbulent boundary layer interaction (STBLI) over a 24° compression

ramp at Mach 2.9 using direct numerical simulation. An in-house code based on a compact finite
difference scheme is introduced and validated. Two distinct turbulent kinetic energy hotspots are
identified: one near the wall behind the separation point and another in the free shear layer near the
reattachment point. A significant factor contributing to the second amplification phenomenon is
elucidated, involving the cluster of shocklets near the reattachment point. Analysis of pressure
fluctuation power spectral density reveals concentrated high-pressure fluctuation regions near both
separation and reattachment points, with distinct low and mid-to-low frequency phenomena observed,
particularly near the separation point.

Keywords: Shock-turbulent boundary layer interaction, Computational fluid dynamics, Direct
numerical simulation, Supersonic flow, Turbulent

Nomenclature

u— Streamwise velocity component <> — Favre averaging operator
v — Wall-normal velocity component
w — Spanwise velocity component

p — Pressure

p — Density

M — Mach number

T — Temperature

Cr— Skin friction coefficient

8§ — Boundary layer thickness

© — Momentum thickness
St — Strohaul number

Superscripts
- —Reynolds averaging operator

Subscripts

oo — Free stream parameters

0 — Parameters at reference station
w — Wall parameters

1 — wall-normal coordinates
* — Fluctuation

1. Introduction

The interaction between shockwaves and turbulent boundary layers, known as shock-turbulent
boundary layer interaction (STBLI), holds a critical significance for high-speed vehicles that can have
negative effects. When the shock wave penetrates the turbulent boundary layer, the adverse pressure
gradient results in flow separation. The separated flow is associated with large-scale, low-frequency
unsteadiness. STBLI manifests a spectrum of adverse consequences on vehicle performance,
encompassing loss of control authority, pressure drops, surface unsteadiness, and even engine unstart
[1-2]. Given the paramount importance of comprehensive physical investigations and precise
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estimations of STBLI in the design of high-speed vehicles, research in this domain has persevered over
several decades. However, despite sustained efforts, the underlying mechanism of STBLI unsteadiness
has been the subject of ongoing debate [1].

Since the early 2000s, the direct numerical simulation (DNS) of STBLI has been a subject of extensive
research [3], aimed at unveiling the intricate mechanisms. Achieving accurate physical insights
necessitates simulations of high-order and high-accuracy. In the perspective of fluid dynamics, the
STBLI results complex phenomena, including flow separation, the creation of vortex structures, and the
turbulence amplification. Of particular interest is the thorough comprehension of complex flow features,
owing to its direct correlation with the dynamics of STBLI.

In the early stage of DNS investigations, considerable attention was directed towards the free shear
layer as a primary contributor to turbulence amplification, primarily due to the localization of maximum
turbulent kinetic energy (TKE) within it [4-5]. Moreover, studies indicated that the local Kelvin-
Helmholtz (K-H) instability along the free shear layer and the formation of large-scale vortices serve as
sources of TKE amplification [6-7]. However, Fang et al. [8] countered this perspective by highlighting
that the streamwise Reynolds stress attains its peak value within the near-wall region. They proposed
that the deceleration of the mean flow induced by the primary shock wave drives turbulence
amplification. This mechanism has been substantiated by several subsequent studies [9-11].

In strong STBLI, investigations from both experimental [12-13] and DNS studies [10,11,14] have
identified two discernible phases of TKE amplification. The first occurs immediately following the
separation shock, while the second is observed around the reattachment point. Kang and Lee [14]
underscore the importance of shocklets in instances of strong STBLIL Their findings indicate that clusters
of shocklets induce mean flow deceleration, thereby contributing to the second TKE amplification.

In this study, we conducted a comprehensive analysis of strong STBLI using long-duration, high-
fidelity, and high-resolution DNS. The shock wave structures and TKE is observed to investigate the
two stage of turbulence amplification. Furthermore, pressure fluctuations across the entirety of the
STBLI region are examined to provide a comprehensive understanding of its dynamics.

2. Numerical Method

In the present study, the supersonic turbulent boundary layer at M, = 2.9 over a 24° compression
ramp is analyzed as depicted in Fig 1. The flow parameters are selected based on the experiment of
Bookey etal. [15] and the comparison of these parameters is provided in Table 1. The DNS is conducted
using an in-house code. The detailed description and validation of are provided in our prior work [11].

0 x
237.5 mm
Fig 1. Flow configuration.
Table 1. Flow parameters of inflow turbulent boundary layer
Ty T, 8o (Mmm) 6, Reg Cr
(X) (K) (mm)

Bookey et al. [15] (BExperiment) 107.1 307 6.6 0.43 2400 0.00225
Present DNS (in-house code) 107 307 6.6 0.43 2400 0.00227
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The flow is governed by the fully three-dimensional unsteady compressible Navier-Stokes equations.
The fluid under consideration is treated as a Newtonian fluid following Sutherland's law and Fourier's
heat conduction law. Given the relatively low total enthalpy of the fluid, both calorically and the perfect
gas equation are valid assumptions.

Spatial derivatives are computed using the sixth-order compact finite difference scheme originally
developed by Lele [16]. Temporal integration is executed using the explicit 3rd-order Runge-Kutta
method. After every final step in the Runge-Kutta method, an eight-order low-pass filter is applied to
the solution vector to ensure numerical stability [17].

In order to mitigate spurious numerical oscillations, particularly in the vicinity of strong shock waves,
a second-order low-pass filter is implemented. To identify the compression resulting from the shock,
excluding the turbulent structure itself, a modified Ducros-type sensor is employed as a detector with
a proper threshold [18]. Furthermore, artificial diffusivity, as formulated by Kawai and Lele [19], is
employed to suppress unresolved high-frequency numerical fluctuations by diffusing the discontinuity
present around the edges of turbulent structures.

The transition from laminar to turbulent boundary layer is achieved by the turbulent tripping method
developed by Porter and Poggie [20], adding a counter-flow body force as a source term of the
momentum and energy equation. The strength of the tripping force is significant since a large tripping
force causes numerical instability and the small tripping force results longer streamwise length to obtain
fully-developed turbulent.

The size of the computational domain is L, x L, X L, = 292 x 71.7 x 35.0 mm?® consisting with
N, X N, x N, = 2865 x 298 x 420 structured grid points. The reference station x,, is positioned 36 mm
ahead of the ramp corner, where the fully-developed turbulent boundary layer statistics are obtained.
The grid resolution satisfies Ax* = 4.6,Ay,; = 0.42, and Az* = 4.2 which fall within the DNS resolution.

The laminar Blasius solution is injected as the inflow boundary, and the wall is treated as a non-slip
isothermal wall with T,, = 500 K. The streamwise and wall-normal outlet values are extrapolated from
the interior values. In the spanwise direction, periodic boundary condition is applied.

To investigate the low-frequency dynamics of STBLI, the log-time simulation is conducted. The
physical simulation time is 15006,/u,,, which corresponds to 16.4 ms which is considerably longer than
the previous DNS studies performed same flow configuration. Priebe et al. conducted 2006, /u. [21]
and 10008, /u, [22], and Wu and Martin [23], Kokkinakis et al. [14] and Shi and Yan [10] performed
3008,/u., simulation.

3. Results

Fig 2. Shows the instantaneous and time-averaged contour of the non-dimensional density,
streamwise velocity, and temperature on a side view. The main shock wave penetrates the turbulent
boundary layer. Compared to the turbulent boundary layer, both density and temperature exhibit
increments after encountering the primary shock wave. Two distinct compression stages are
discernible: the first entails a strong and steep compression induced by the primary shock wave, while
the second involves a more gradual and comparatively weaker compression. Furthermore, flow
separation occurs around the corner of the ramp, characterized by instantaneous negative velocities,
which persist even in the time-averaged contours. Notably, significant detachment is observed in
instances of strong STBLI, whereas transient detachment is located in weaker instances of STBLI.
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Fig 2. Instantaneous (a) density, (b) streamwise velocity, (c) temperature and (d)-(f) corresponding
mean value, respectively.

The validity of the DNS results is established through a comparative analysis with experimental and
other simulation data conducted under similar conditions, Ma,, = 2.9 turbulent boundary layer over 24°
compression ramp. Fig 3 Presents the streamwise velocity profile at the reference station and 4§,
downstream of the ramp corner. Remarkably, the present DNS results precisely replicate the inflow
turbulent boundary layer, exhibiting an excellent match with the experimental data [15]. Furthermore,
the velocity profile aligns well with other DNS results [14,24]. Additionally, the velocity profile observed
at 48, downstream of the ramp corner demonstrates good agreement with the experimental data [15].
Notably, the present DNS results exhibit better performance, particularly in the region proximate to the
wall, when compared to other DNS results [23,25].
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Fig 3. Streamwise velocity profile at (a) reference station and (b) 46, downstream of the ramp
corner.

Fig 4 depicts the wall properties within STBLI alongside experimental data and other simulation data.
Fig 4 (a) shows the streamwise distribution of the skin friction coefficient. The mean separation is
defined as the regions characterized by negative skin-friction coefficients. Specifically, the separation
point x; is located in x/§, ~ —3.13 and the reattachment point x, is observed at x/§, ~ —1.50. The
separation length, denoted as L,, is estimated to be approximately 4.636,, representing the distance
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between x, and x,. Notably, our DNS results closely align with the experimental data, in estimating
the separation length.

In Fig 4 (b), the mean wall pressure distribution is presented, closely resembling the experimental
data. Consistent with the observations in Fig 2, two distinct stages of pressure increase are discerned:
the first occurring around the separation point and the second around the reattachment point.
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Fig 4. (a) Skin friction coefficient and (b) Wall pressure. Grey regions indicate the spanwise
distribution.

The shock wave behavior within the STBLI is investigated. Fig 5 illustrates the numerical schlieren on
side and frontal view at two time instant. The video of side view of schlieren is available in the online
version of the previous study [11]. Notably, the main shock wave is prominently discernible, positioned
within the shear layer. Following the main shock wave, a cluster of shock-wave branches, referred to
as shocklets, emerges above the turbulent structures. These shocklets exhibit relatively weaker and
convective characteristics compared to the main shock wave. Lee et al. [26] characterize these
phenomena as eddy-shocklets, attributing them to shocks generated by the fluctuating fields of
turbulent eddies. Indeed, the frontal view of Schlieren shows that the shocklets exhibit the concave
shape, similar to the turbulent superstructures.

It is observed that the density gradient of the turbulent superstructures intensifies after the passage
of the main shock wave. The shocklets from the fully-developed turbulent boundary layer exhibit lower
density gradient magnitude compared to the turbulent structures. However, the shocklets get stronger
rear the main shock.
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Fig 6. Normalized mean density gradient

Fig 6 shows the normalized mean density gradient. Four distinct regions are featured: (1) the shear
layer of turbulent boundary layer, (2) the main shock wave, (3) the detached shear layer rear the main
shock wave, and (4) the secondary shock wave. Although the shocklets have the intermittent and
travelling motions revealed the overall region of STBLI, the mean density gradient shows the cluster of
shocklets are concentrated and result the secondary shock wave.

Fig 7 shows the normal components of Reynolds stress (u"u"),{v"v'"),{w"w") and TKE k =
i((u"u”) +{v"v") + (w"w")) normalized with square of friction velocity u?. A comparison between

the turbulent boundary layer and post-main shock reveals a notable disparity in the TKE level. The TKE
experiences a substantial increase in the near-wall region just behind x, followed by an uplift above
the separation bubble. This amplified TKE region experiences a rapid decay downstream of the main
shock wave. Subsequently, a second TKE amplification is observed near x,, followed by a decay
process.

Previous studies showed that the first TKE amplification is induced by the mean flow deceleration. In
addition, Shi and Yan [10] and Kang and Lee [11] reported that the flow acceleration above the
separation bubble diminishes the TKE levels around the ramp corner. Also, Kang and Lee [11] highlights
the flow deceleration due to the adverse pressure gradient induced by the cluster of the shocklets
(secondary shock wave) resulting the second amplification of the TKE. Notably, while the first
amplification primarily occurs in proximity to the wall, the second amplification is observed within the
mixing layer.
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Fig 8. Root mean square of pressure fluctuation.

Since shock motion and pressure fluctuations are related [27], the pressure fluctuation is observed.
Fig 8 shows the contour plot of root mean square of pressure fluctuation. Three distinguishable high
pressure fluctuating regions are observed. The region with the most intense pressure fluctuation is near
the main shock. This is due to significant changes in flow before and after the main shock. Following
this, another strong area is near the shear layer downstream of the main shock. This point is formed
posterior to the reattachment point. While the secondary shock also exhibits high values of pressure
fluctuation, its intensity is lower compared to the main shock.

The time signals of wall pressure are shown in Fig 9 (a) to illustrate the unsteadiness of STBLIL. The
data is acquired at four discrete positions, x/8§, ~ —5.4,—3.5,—2.5,and 1.5, correspond to the turbulent
boundary layer, intermittent region, separation region, and reattachment point, respectively. A
comparative analysis from the incoming turbulent boundary layer to within the STBLI region reveals
the presence of low-frequency pressure fluctuations.

In Fig 9 (b), the power spectral density (PSD) of pressure fluctuation is presented. The frequency is
normalized to both the Strouhal number based on the separation length St, = fL /u, and the
boundary layer thickness Sts = f&,/u.. Typically, in frequency domain analyses, normalization is
conducted with respect to the shock length, as indicated in prior studies [22,28-30]. However, the
normalization is often performed with respect to the boundary layer thickness [10,11,14].
Consequently, both scales are considered in Figs 9-10.

Relative to the turbulent boundary layer, the density of pressure fluctuation is heightened across the
entirety of the STBLI region. Particularly noteworthy is the increased low-frequency unsteadiness
observed after the separation point, notably around St;_ =~ 0.03. This peak frequency aligns closely with
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the range of St;; = 0.02 £+ 0.01 documented in previous literature [31, 32], encompassing experimental
data from various configurations including unswept, swept, and axisymmetric compression ramps.
Furthermore, long-term simulations in earlier studies [22,28,32,33] have reported characteristic low
frequencies within the range of 0.02 < St; < 0.05, while short-term simulations [10,11,14] have
identified a characteristic low-frequency at approximately Sts ~ 0.02. At the reattachment point, a
broad-band mid-frequency content within the range of 0.1 < St; < 3'is evident. This observation is
consistent with findings by Lee and Gross [29], who also investigated the presence of broad-band mid-
frequencies spanning 0.1 < St < 3.
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Fig 9. (a) Time series of wall pressure and (b) PSD of wall pressure fluctuation.

According to Kang and Lee [11], the region occupied by shocklets, unaffected by turbulent structures
and shear layers, is characterized by mid-frequency phenomena. The second amplified TKE region is
closely linked to the shocklet region due to the presence of characteristic mid-frequency motion in both
areas.

Fig 10 illustrates the streamwise distribution of the PSD of pressure fluctuation, offering
comprehensive insights into the overall dynamics of the STBLL. The analysis reveals a concentration of
highly pressure-fluctuating regions within a short distance around the separation point and the wide
region around and behind the reattachment point. Around the separation point, prominent PSD peaks
of pressure fluctuation are observed at St; =~ 0.03, indicative of low-frequency unsteadiness.
Additionally, a substantial density of pressure fluctuation PSD is evident in the mid-to-low frequency
range around St; =~ 0.1.

Low-frequency dynamics are also notable around and behind the reattachment point, albeit weaker
compared to the separation point. Similarly, a significant presence of mid-to-low frequency phenomena
is observed in this region, akin to the separation point. However, around and behind the reattachment
point, distinct broad-band mid-frequency phenomena are notable. According to Kang and Lee,
corresponding mid-frequency is close to the characteristic frequency of shocklet region [11]. Such
frequencies are not observed around the separation point due to the prominence of shocklets around
and behind the reattachment point.
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Fig 10. PSD of wall pressure fluctuation

4. Conclusions

In this study, a comprehensive DNS analysis to examine STBLI over a 24° compression ramp subjected
to Mach 2.9 inflow conditions was conducted. An in-house code based on a compact finite difference
scheme is introduced and the accuracy of the simulation was validated through comparisons with both
numerical simulations and experimental data.

Within the strong STBLI system, two distinct TKE hotspots are observed. The first TKE hotspot arises
in close proximity to the wall region situated behind the separation point, while the second hotspot is
located within the free shear layer near the reattachment point.

Our investigation reveals an significant factor contributing to the phenomenon of second amplification.
This phenomenon is characterized by the presence of clusters of shocklets emerging from prominent
turbulent superstructure. The cluster of shocklets, accompanied by a secondary shock wave, induce an
adverse pressure gradient, leading to flow deceleration near the reattachment point within the shear
layer.

The PSD of wall pressure fluctuation is investigated to analyze the unsteadiness of STBLI. High
pressure fluctuation regions are concentrated near the separation point and the reattachment point,
with prominent low-frequency unsteadiness observed around St; =~ 0.03 and mid-to-low frequency
phenomena around St; =~ 0.1near the separation point. While low-frequency dynamics are present
around and behind the reattachment point, they are weaker compared to the separation point. Around
and behind the reattachment point, it is observed that the distinct broad-band mid-frequency
phenomena attributed to shocklets in this region, which are absent around the separation point.
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