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ABSTRACT

The characteristics of wall heat flux (WHF) beneath a supersonic turbulent boundary layer interacting with an impinging shock wave with a
33.2° angle at Mach 2.25 are analyzed using direct numerical simulation. It is found that the QP85 scaling, defined as the ratio of the mean
WHE and wall pressure, changes across the interaction. The probability density function of the WHF fluctuations normalized by the local
root-mean-squared value is similar to that of wall shear stress. Comparing the WHF and wall pressure spectra shows that the low-frequency
shock unsteadiness exhibits little influence on the spectrum. The space—time correlation of the fluctuating WHF reveals that both the stream-
wise correlation length scale and the convection velocity experience a sharp decrease in the separation region and subsequent recovery in the
downstream region. Moreover, the mean WHEF in an incident shock interaction is decomposed for the first time. An analysis of the velocity
and temperature fluctuations based on bidimensional empirical mode decomposition is performed to evaluate the contribution of turbulent
structures with specific spanwise length scales to the mean WHF generation. The decomposed results indicate that the contribution associ-
ated with the large-scale structures in the outer region is greatly amplified by the shock interaction and has the leading role in the generation

downstream of the interaction.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094070

I. INTRODUCTION

Shock wave and turbulent boundary layer interaction (SWTBLI)
has great practical relevance in a wide range of high-speed aircraft
aerodynamic and thermodynamic designs. It causes maximum surface
fluctuating pressure, severe wall heat flux (WHF) peak, and strong
unsteadiness, causing significant adverse impacts on aircraft perfor-
mance. Despite numerous experimental and numerical studies con-
ducted over the last two decades and remarkable progress associated
with the fundamental phenomena involved, a deeper physical under-
standing of the wall-flow variables involved in SWTBLIs is needed,
particularly regarding wall heat flux. It is well known that the increased
peak heating rates in strong interactions can be about 10-100 times
the values in the incoming undisturbed boundary layer flow, even
much larger than the equivalent stagnation point value, as reviewed by
Dolling' and Gaitonde.” Consequently, the accurate prediction of heat
transfer rate is essential to the thermal protection system design of
supersonic and hypersonic vehicles.

The WHEF in canonical SWTBLIs has been extensively studied by
experiments and Reynolds-averaged Navier—Stokes (RANS) simula-
tions for a wide range of Mach and Reynolds numbers. Most of these
researches focused on the time-averaged WHEF because of measure-
ment difficulties and modeling limitations in obtaining the fluctuating
WHE. For example, Bushnell and Weinstein® used the concept of a
viscous sublayer to propose a reasonable correlation for the peak heat-
ing in experimental data for turbulent interactions with separation at
4 <M, < 6. In experiments of turbulent boundary layers interacting
with shock and expansion waves, Back and Cuffel’ found that the
WHE scaled with the wall pressure and suggested an empirical power-
law dependence with the exponent 0.85 to reasonably describe the
relationship between surface quantities. Later, this scaling was further
supported by Murray et al” in axisymmetric hypersonic SWTBLIs.
Applying the quantitative infrared thermography technique, Schiilein”
experimentally studied the influence of increased shock strength on
skin friction and WHF behavior. They showed that the Stanton
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number increased less rapidly than the skin friction and revealed that
the analogy between momentum and heat transfer was not valid in the
interaction region. Numerically, Lee et al.” investigated the heat trans-
fer in five swept shock wave/turbulent boundary layer interactions
using a k—¢ turbulence model, suggesting a simple quasi-conical corre-
lation for the peak heating. Pasha and Juhany® adopted the k- turbu-
lence model with a shock unsteadiness modification and variable
Prandtl number to perform a parametric study of heat transfer rate in
a compression ramp at Mach 9. Li et al.” used RANS solutions to pro-
pose new peak pressure-heat flux correlations for shock interactions
on V-shaped blunt leading edges. Despite these striking advances, the
generation mechanism of the mean peak heating rate is not entirely
understood, especially in the reattachment region of the interaction.

One objective of the present study is to provide a physical inter-
pretation of the mean peak WHF generation in the reattachment
region of an incident shock interaction, using heat flux decomposition
and bidimensional empirical mode decomposition (BEMD).
Importantly, Sun et al.'’ proposed a decomposition formula for the
heat flux coefficient by integrating the total energy equation, decom-
posing the WHEF in a hypersonic transitional boundary layer at M,
= 6.0. Their decomposition suggested that the work done by the molec-
ular stress and the Reynolds stresses dominated the WHEF production.

Recently, Tong et al.'' extended this method to a supersonic
turbulent boundary layer with a cold wall thermal condition.
Furthermore, they applied the BEMD to quantify the contribution of
the fluctuating velocity and temperature structures with specific span-
wise length scales to the mean WHF. It was argued that the mean
WHEF generation was associated with the combined action of near-
wall small-scale structures and large-scale structures in the logarithmic
and outer regions. The present study performs (for the first time to the
authors” knowledge) the mean WHF decomposition in the reattach-
ment region of SWTBLIs and quantifies the contribution of the turbu-
lence structures related to the generation.

There has been very limited research to date dealing with the
fluctuating WHEF in the interaction region using direct numerical sim-
ulation (DNS). In particular, the influence of the unsteady shock
motion on the pre-multiplied fluctuating WHF spectra was investi-
gated in the DNS studies of an incident shock interaction at Mach 2.28
by Bernardini et al.'” Significant differences from earlier studies'” ' of
wall pressure spectra were reported. In their spectral analysis, the
intermediate-/high-frequency energy was predominant across the
interaction, and no evident low-frequency dynamics were observed.
They concluded that the low-frequency shock motion exhibited little
influence on the WHE spectra and suggested that the shedding of vor-
tical structures in the separated shear layer developing in the first part
of the interaction could explain the shift toward intermediate frequen-
cies. In follow-up work, Volpiani et al.'® found that the effect of wall
cooling and wall heating on the WHF spectra was very different. A
comparative quantitative analysis showed that decreasing the wall
temperature led to a weak interaction, and no frequency shift was
observed. By contrast, the heated case corresponded to a stronger
interaction, and the spectra displayed similar behavior to those of
Bernardini et al.'” However, no quantitative information related to the
spatial and temporal evolution of the WHF fluctuation fields in
SWTBLIs has yet been reported in the literature.

In the present work, we perform a baseline DNS of an impinging
oblique shock wave interacting with a supersonic turbulent boundary
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layer spatially developing over a cold flat plate at Mach 2.25. The
resulting DNS database is analyzed in detail to characterize the statisti-
cal properties of the fluctuating WHF and uncover the mean WHF
generation mechanism downstream of the interaction. The present
study accurately captures both the full range of turbulent flow scales
and the unsteady WHEF signals to improve the physical understanding
of the WFH in SWTBLIs.

This paper is structured as follows. In Sec. 11, the simple flow con-
figuration selected for the DNS and the computational setup adopted
are fully described. Section III discusses the structure of the WHF field
through analyses of the probability density function, power spectral
density (PSD), space—time correlations, and mean WHF decomposi-
tion. Finally, concluding remarks are offered in Sec. IV.

Il. NUMERICAL METHODOLOGY
A. Flow configuration

A sketch of the rectangular computational domain plotted in the
Cartesian coordinates (x, y, z) is shown in Fig. 1. The domain has
dimensions Ly x L, x L, = 99.6 x 10.2 x 4.4 mm® in the streamwise
(x), wall-normal (y), and spanwise (z) directions, respectively. A spa-
tially developing supersonic turbulent boundary layer over an isother-
mal cold flat plate, generated by the laminar-to-turbulent transition
method of Pirozzoli et al,'” is impinged upon by an oblique shock
wave with a 33.2° angle. A region of blowing and suction disturbances,
extending from x, = 7.5 mm to x, = 20.2 mm, is applied at the wall to
trip the transition.

A shock generator is not included. Instead, following the recent
simulations of Fang et al.'’ and Pasquariello et al,"” the Rankine-
Hugoniot relations are imposed at the upper boundary of the domain
to numerically generate the impinging shock at the nominal impinge-
ment point x; = 71.1 mm. The free-stream temperature and Reynolds
number based on the boundary layer thickness ¢ at the reference point
Xref = 63.5mm are T,, = 169.44K and Re;s = 31753, which are in
good agreement with the recent DNS study of Tong et al'' The
selected wall temperature is T,, = 254.16 K, corresponding to 0.75
times the recovery temperature T,. Throughout this paper, the sub-

«_ »

scripts “00” and “w” refer to the free-stream parameters and the wall

T, I

1.0 1.2 14 1.6 1.8

Laminar flow

FIG. 1. lllustration of the computational domain with temperature contours in the x-
y plane and wall-normal velocity in the wall blowing and suction region. The variable
Xs denotes the nominal shock impingement; X, is the reference station; x, and X,
are the start and endpoints of the blowing and suction regions, respectively.
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values, respectively, and ¢ denotes the thickness of the upstream tur-
bulent boundary layer at x,.r.

B. Computational setup

In the simulation, the high-order finite-difference code
(OpenCFD-SC) is used to directly solve the full three-dimensional
compressible Navier—Stokes equations for a perfect gas without any
turbulence modeling. This code has been carefully validated and suc-
cessfully adopted in previous DNS studies of a compression ramp”’
and reflected interactions.”””” The constitutive relation for a
Newtonian fluid is used to calculate the viscous stress tensor ¢;. The
heat flux vector is computed according to Fourier’s law of heat con-
duction, and the pressure p is related to the density p and the tempera-
ture T through the ideal gas state equation. Sutherland’s law is used to
determine the dynamic viscosity coefficient u1. The relation k = uC,/Pr
is used to calculate the thermal conductivity, with the specific heat
capacity ratio y = 1.4 and the molecular Prandtl number Pr=0.71.
The specific heat capacity of the gas at constant pressure is taken as C,
= yR/(y — 1), where R is the specific gas constant of air.

The inviscid fluxes in the governing equations are solved using
the optimized fourth-order weighted essentially non-oscillatory
(WENO) scheme introduced by Martin et al”’ and the Steger—
Warming splitting method. A set of optimal WENO weights is used in
the linear part of this scheme, which maximizes the bandwidth-
resolving efficiency. The numerical dissipation is further reduced by
the combined use of absolute and relative limiters given by Wu and
Martin.”* The viscous fluxes are discretized by an eighth-order central
difference scheme. A third-order explicit total variation diminishing
Runge—Kutta method, proposed by Gottlieb and Shu,” is used to per-
form the time advancement. Detailed descriptions of the governing
equations and the numerical methods are given by Tong et al.”’

We use a grid consisting of 3127 x 420 x 340 points in the x, y,
and z directions, respectively, to discretize the computational domain.
The grid spacing is uniform in the z-direction. A sketch of the compu-
tational grid in the x-y plane is shown in Fig. 2. In the x-direction, the
well-resolved part of the domain is the interaction zone ranging from
50.8 to 90.2mm, where 2627 points are equally distributed. In the
transition zone 0 < x < 50.8 mm and fringe zone x> 90.2 mm, 400
and 100 points are progressively refined and coarsened, respectively.
In the y-direction, a hyperbolic tangent mapping is used, and the
points are clustered toward the wall to increase the resolution of the
turbulence scales in the near-wall region, where there are 280 points
located inside the boundary layer. At x., the grid spacings in wall
units in the interaction zone are Ax" = 8.5 and Az" = 7.15 in the
streamwise and spanwise directions, respectively. The wall-normal
spacing gradually increases from Ay™ = 0.55 at the wall to Ay™ = 5.5
at the edge of the upstream turbulent boundary layer. The present grid

y (mm)

0 20 40 x(mm) 60 X, 80 100

FIG. 2. A sketch of the computational grid in the x—y plane. The grid is plotted at
intervals of ten and five points in the x and y directions, respectively. The pink
dashed line denotes the impinging shock wave.
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resolutions in the interaction zone are comparable to the previous
well-accepted DNS of SWTBLIs by Priebe and Martin'” and Fang
et al.'” Unless otherwise stated, the superscript “+” hereafter refers to
a quantity in wall units at x.¢

The boundary conditions applied in the simulation are now
described. The domain is bounded by a steady laminar boundary layer
profile at the inlet and supersonic outflow boundary conditions at the
outlet. The laminar boundary layer profile is identical to the one used
by Tong et al,'' who extracted it from an auxiliary flat plate simula-
tion at the same inflow conditions. At the upper boundary of the
domain, a no-reflecting boundary condition given by Poinsot and
Lele” is enforced to eliminate disturbance reflections, and a jump in
the flow variables obeying the Rankine—Hugoniot relations is directly
imposed at x; = 55.6 mm. At the bottom boundary, a no-slip isother-
mal boundary condition is applied. At the spanwise boundaries, peri-
odic boundary conditions are enforced.

The unsteady wall-normal velocity disturbances in the blowing
and suction region shown in Fig. 1 are the same as in the recent DNS
of Tong et al,'"" where the amplitude A = 0.15U,, and the basic fre-
quency @ = 0.157 U,/ (dy being the boundary layer thickness at
the domain inlet) are set to generate fully developed turbulence
upstream of the interaction. The profile of the laminar boundary layer
at the inlet is used to initialize the three-dimensional flow field. Before
collecting the flow samples, the simulation is performed for a time of
1270/U,, (equal to two flow-through times) to exclude the initial tran-
sient process completely. Once a statistically steady state is achieved,
the simulation is then carried out for a longer time of 3816/U,, (six
flow-through times). Statistical convergence is obtained by sampling
530 three-dimensional instantaneous flow fields at a constant time
interval of 0.720/U,, and the flow statistics are determined by taking
the average of the three-dimensional flow fields in both time and the
spanwise direction. A total of 3000 flow samples in the y-z plane at
selected streamwise locations are collected at a constant time interval
0f 0.0356/U,, for the BEMD.

The fluctuating WHEF signals throughout the interaction region
are collected at a much shorter time interval of 0.0140/U,, to obtain
fully time-resolved fluctuations, ensuring that the propagation and
energy spectra of the WHF are accurately estimated. In the following
results, bars and primes denote the average and fluctuating compo-
nents using the standard Reynolds decomposition, whereas tildes and
double-primes denote the density-weighted averages and fluctuating
components using the Favre decomposition. Note that the velocities in
the x, y, and z directions are represented by u, v, and w, respectively.

C. Validation

To validate the DNS data, we assess the spanwise two-point cor-
relations of the velocity fluctuations in the interaction region to check
the selected spanwise width. As suggested by Pirozzoli et al,'” the
spanwise two-point correlation coefficient reported in Fig. 3 is defined
as

N,—1
Rotot(rz) = Z Ok Olk+k, 5 (1)
k=1

where N, and r, = k,Az denote the grid point number in the z-direc-
tion and the spanwise distance, respectively; k, = 0, 1, ..., k, and o
denote the velocity fluctuation. It can be seen from Fig. 3 that the
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FIG. 3. Two-point correlations of the fluc-
tuating velocity in the interaction: (a)
x="T70mm and (b) x=84 mm.

correlation coefficients at y* = 50 and 342 rapidly decrease as the
spanwise distance increases. The coefficients in the near-wall and outer
regions are clearly near zero at spanwise distances close to L,/2, con-
firming that turbulence fluctuations in the interaction are not inhib-
ited, and the spanwise width of the computational domain is
sufficient.

In Fig. 4, the van Driest transformed mean velocity profile at x,f
is compared with the DNS data of Fang et al.'® and Tong et al.”’ for
similar Mach and Reynolds numbers. Satisfactory agreement is
observed, where a linear scaling is found for y* < 6 and a logarithmic
scaling is present in the region 30 < y* < 100. Next, the density-scaled
Reynolds stress components plotted in Fig. 5 highlight close similari-
ties with the experimental supersonic data of Elena and Lacharme™
and the numerical results of Fang et al,'’® Tong et al,”” and Pirozzoli
et al.”’ In particular, the streamwise component attains a maximum
value of 8.3 at y* = 14.

Moreover, it is seen from Fig. 6 that the production-to-dissipa-
tion ratio, defined as

25 ¢
20 f

15}

+
vd

U,

o Fangetal

o Tongetal
Present DNS

------- U, =2.4410g(y")+5.2
Ce- Uy

10° 10" y+ 10° 10°

10 } .

FIG. 4. Profile of the van Driest transformed mean velocity Uy at Xyer.

=201 Q5
_ —p U u] Ou;/ Ox;

P/e =
/ dojui [0x;

2

shows reasonable agreement with the results of Sun et al,”’ Tong
et al,'" and Schlatter and Orlii.*' This ratio peaks at y+ ~ 12, attaining
a maximum value of P/¢ ~ 1.9 and relaxing toward a nearly constant
level (P/e =~ 1.0) for 40 <y < 100. These results ensure that the
inflow turbulence generation method in the present simulation is
reliable.

A grid-sensitivity study is performed to assess the chosen grid
resolution, where the number of the grid points in the integration
region is refined by 50% in both the x and z directions. The streamwise
distributions of mean wall pressure P,,/P,,, skin friction coefficient
Cy, and wall heat flux coefficient Cj, for both grids are compared
quantitatively in Fig. 7, as a function of the scaled interaction coordi-
nate x* = (x — x,)/0. In the following, the wall heat flux Cj, coefficient
is defined as

o KOT/Oy),

 PUxG(Tw = Ty) ©

No significant changes in the interaction zone are observed, and the
deviations are less than 5%. In particular, the streamwise locations of
mean separation and reattachment points, corresponding to Cy = 0 in
Fig. 7(b), are only slightly changed. Therefore, it is confirmed that the
present baseline grid is reasonably suitable.

Ill. RESULTS AND DISCUSSION
A. Instantaneous and mean flow properties

Figure 8 shows iso-surfaces of the Q criterion’” and the pressure
gradient modulus to visualize the influence of the shock interaction on
the coherent vortical structures. A small iso-surface threshold of
Q/Qumax = 0.005 (Qpay being the maximum value of Q) is selected for
better visualization, and this iso-surface is colored by the wall-normal
distance. Consistent with the numerical observations of Priebe and
Martin'” and Fang et al,'® an augmentation of the turbulence struc-
tures is visually discernible after they pass through the interaction
region. Unlike the elongated streaky structures dominating the near-
wall region of the upstream boundary layer, large-scale streamwise
vortical structures are apparent downstream of the interaction, mainly
concentrated in the outer region of the reattached boundary layer.
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This behavior has previously been attributed to the formation and
development of the separated shear layer, as suggested by Fang et al."®
and Pirozzoli and Grasso.”

Figure 9 shows an instantaneous distribution of the fluctuating
WEFH (j, in the interaction zone. Signatures of intense streaky struc-
tures are observed in the upstream boundary layer, implying the domi-
nance of the streamwise coherence. These streaks are dramatically
altered between the mean separation point S and reattachment point
R, where the streamwise length scale is significantly reduced. A key
observation in the downstream region is that the reoccurrence of the
streaks with larger streamwise length scales is clear for x* > 4. This
trend is quantified in the following correlation analysis. Six streamwise
locations over the interaction zone are selected to investigate the evolu-
tion of the fluctuating WHF. As labeled in Fig. 9, one point is located
at X, and two points are located at the mean separation and reattach-
ment points, respectively. The other three points x;—x3 are placed in
the downstream region.

To investigate the scaling linking the mean WHF to the mean
skin friction, the Reynolds analogy factor, defined as Reynolds analogy
factor (RAF) = 2C;,/Cy, is shown in Fig. 10(a) as a function of x™.
The RAF is nearly constant at about 1.1 upstream of the interaction.

—— Baseline grid
O Refined grid

—— Baseline grid
0O Refined grid

|
-5 0 x 5 10 -5 0
(c) 4
1=
x 2
I — Baseline grid
O Refined grid
0
-5 0 x 5 10

* 5 10 FIG. 7. Streamwise distributions of mean
X surface quantities: (a) pressure, (b) skin
friction coefficient, and (c) WHF.
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FIG. 8. Coherent vortical structures extracted using iso-surface of Q equal to 0.5%
of its global maximum and are colored by the wall-normal distance. The shock sys-
tem is visualized using the gray iso-surface of | VP|d/P., = 150.

¢ HlE n

-0.001 0.001

FIG. 9. Instantaneous flow field of the fluctuating WFH C.

This value is close to 1.2, obtained in the DNS of a hypersonic turbu-
lent boundary layer by Priebe and Martin.”* In the separation region,
this scaling is not valid because of the small negative C; (see Fig. 7) at
the location close to the mean separation and reattachment points.
Starting at R, the downstream RAF exhibits a rapid drop, achieving a
value of about 2.0 at x* = 12. In Fig. 10(b), the streamwise distribution
of the QP85 scaling,” defined as QP85 = (C;,/C,)(P,/Py)"*, is
reported to reveal the relation between the mean WHF and the mean
wall pressure. The variables C, and P, denote the values of Cj, and P,,
upstream of the interaction. QP85 deviates somewhat from the scaling,
varying between 0.8 and 1.37 in the separation region, and slowly
approaches about 0.8 at x* = 12. The results emphasize that the mean
WHEF scales better with the mean wall pressure than the mean skin

10 2.0
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friction, which confirms the validity of the QP85 scaling in a super-
sonic SWTBLI with separation.

B. Probability density function

Figure 11 shows the probability density function (PDF) of the
normalized WHF C," at various streamwise locations. The PDFs are
all positively skewed, peaking at about C,* = 0.7, suggesting that the
shock interaction exhibits little influence on the PDF shape.
Remarkable differences are observed at the positive and negative PDF
tails for locations S and R. Compared to the PDF at x,.; both the tails
at S become wider, indicating an increased occurrence probability of
the extreme WHF and a relatively decreased skewness. At R, the posi-
tive tail becomes even larger, while the negative tail experiences a sig-
nificant decrease, becoming lower than for x..r. At x;—x;3, the positive
tails are slightly changed, approaching the upstream values, while the
negative tails become narrower, indicating that the negative WHF
occurs less frequently downstream of the interaction. It is reasonably
inferred that the recovery of the positive WHEF is much faster than that
of the negative WHF in the reattached boundary layer.

Figure 12 shows the PDFs of the WHF fluctuations C}, at different
streamwise locations, where the normalization is with the local root-
mean-squared (RMS) value C,,,. Apparently, all the PDFs are highly
negatively skewed, with the peak located at about C}/Cyps = —0.5,
which is in accordance with previous analysis of the PDFs of the wall
shear stress fluctuations in the reflected interaction by Tong et al.”” It
is interesting to note that the normalized PDFs collapse well, except
for the extremely negative tails (C},/Cyms < —2) at X S and R. This
might be a reflection of the regenerated streaky structures in the down-
stream region (see Fig. 9). Another important finding is that the PDFs
of the normalized WHF fluctuations are in good agreement with the
PDFs of the wall shear stress fluctuations in the low-speed experiments
of Grosse and Schroder,” Nottebrock et al.,”® and Sreenivasan and
Antonia’” at different Reynolds numbers.

C. Spectral analysis

The pre-multiplied spectra of the wall pressure and WHF fluctu-
ations at the six streamwise locations are reported in Figs. 13 and 14,
respectively, as a function of the normalized frequency f6/U.., where
®(f) is the power spectral density (PSD) of the fluctuations. The overall
fluctuating signal at each location is decomposed into six segments

@ 5

N}
(=)
(9}

0.0

(b)

FIG. 10. Streamwise distributions of (a)
Reynolds analogy factor and (b) QP85
scaling.
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FIG. 11. Probability density function of the WHF normalized by the local mean
values.

with 50% overlap, and the PSD is estimated using Welch’s algorithm
with a Hamming window. The spanwise-averaged spectra are normal-
ized with the square of the RMS value of the fluctuations.

In Fig. 13, the wall pressure fluctuation spectra throughout the
interaction region confirm the existence of low-frequency unsteadi-
ness, which has often been mentioned in previous numerical and
experimental studies of SWTBLI flows. At x,.;, a broadband peak cen-
tering at about f6/U,, ~ O(1) is dominant, indicative of energetic tur-
bulent structures in the upstream undisturbed boundary layer. It is
apparent from the spectra at the mean separation point S that the low-
frequency energy is significantly enhanced, with a peak located at fo/
Us = 0.07. This behavior clearly reflects the low-frequency motion of

10° ¢
10"
N 7/ - S
= Wy Jg oo
=
10°
4 & Tong et al.
10 O Grosse and Schroder
+ Nottebrock et al.
s © Sreenivasan and Antonia
10' " L L " L L " " L " " " . " L
4 2 0 2 4
(:h'/ ('1n11s

FIG. 12. Probability density function of the WHF fluctuation Cj, normalized by the
local RMS value Cips.
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107 10'11_5/U 10° 10"

FIG. 13. Pre-multiplied spectra of wall pressure fluctuations at different streamwise
locations.

the separated shock wave in the interaction. At locations further
downstream, the low-frequency energy rapidly decreases as expected.
At x1—x3, most of the energy is characterized by intermediate to high
frequencies because of the reattached boundary layer thickening.

A completely different scenario in the spectra of the fluctuating
WHE is observed in Fig. 14. It is highlighted that the effect of the
unsteady shock motion exhibits little influence on the low-frequency
energy. Compared to X, the shape of the spectra at S changes only
slightly. It is noted that no enhancement of the low-frequency compo-
nent is found, and most of the energy is still present at high frequen-
cies f6/Uy, > 1.0. The figure also shows that the spectra at R and x;—x;3
are modulated by the upstream shock waves. The high-frequency
components are significantly attenuated, while the component in the
intermediate frequency range is strongly enhanced. These changes
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FIG. 14. Pre-multiplied spectra of the fluctuating WHF at different streamwise
locations.
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result in a broadband peak between f0/U,, = 0.1 and 1.0. This trend is
different from the recent DNS study of Volpiani et al.'® They analyzed
the WHEF spectra in SWTBLI under similar flow conditions and shock
strength and stated that a shift toward intermediate frequencies was
not observed in their cooled case. This difference is probably linked to
the wall cooling effect. In the DNS of Volpiani et al,'® T,/T, = 0.5,
which is lower than the value T,/T, = 0.75 used in the present study.

The effect of the shock motion on the energy distribution in a
particular frequency range is quantified by integrating the PSD, as
shown in Fig. 15. Following Fang et al,' the integration for a given
frequency fis defined as

f
r- | e @
Here, the overall frequency range is divided into three zones, f6/U,,
< 0.1, 0.1<f6/Uy, < 1.0, and fo/U,, > 1.0, which correspond to
low-, intermediate-, and high-frequency components, respectively.
The low-frequency energy in the wall pressure spectra at X, is only
4% but increases to 33% at S. For the WHEF, the portions at x,.fand S
are 14% and 13%, respectively, confirming that the fluctuating WHE is
weakly related to the low-frequency unsteady shock motion.
Moreover, the portion of the high-frequency components in the WHF
spectra decreases from 42% at x.f to 22% at x;—x3. By contrast, the
intermediate frequency contribution increases from 44% to 58%, sup-
porting the dominance of the intermediate frequency components in
the spectra of the fluctuating WHF downstream of the interaction.

D. Space-time correlations

The two-point space-time correlation coefficients R.. (Ax™, Az™,
At) at six streamwise locations are comparatively investigated to shed
some light on the spatial and temporal properties of the fluctuating
WHE field. The coefficient R.. is defined as

o Gl UG T Av 2 1 Az 1+ A
cC

- I I (5)
VChlxo, 2,07/ Cy (0 + Ax* 2 + Azt t + At+)?

where the spatial separations in the x- and z-directions are denoted by
Ax" and AzT, respectively, and At" is the time delay. The reference
probe is denoted by x,,.
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Figure 16 shows maps of the two-point spatial correlation R
(Ax", Az, 0). Note that the axes in the different correlation maps do
not use the same scales for better visualization. At X, the correlation
map in Fig. 16(a) is characterized by an elongated streamwise distribu-
tion, reflecting the streaky structures observed in the upstream turbu-
lent boundary layer. Two interesting observations regarding the
variations of the correlation maps throughout the interaction region
are identified. First, at S and R, the spatial extent in the streamwise
direction significantly decreases, whereas the extent in the spanwise
direction slightly increases, indicating decreased anisotropy in the sep-
aration region. This scenario can be better observed from Fig. 16(c) in
which the correlation map at R is roughly circular. Taking the correla-
tion level of 0.3 as an example, the streamwise and spanwise extents
are Ax™ = 90 and Az" = 80, respectively, compared to Ax" = 216
and Az" = 68 at x,.. The reason for the reduced anisotropy in the sep-
aration region is likely the destruction of the spanwise-alternating
stripes of the WHF fluctuations due to the existence of the separated
flows. The present DNS results are different from the observations of
the two-point correlation maps of wall shear stress fluctuations pro-
vided by Tong et al.”’ in a supersonic separated SWTBLL In their
data, the highly spanwise elongated contour shape is a consequence of
the noted increase in the spanwise coherence and the significant
decrease in the streamwise coherence. It is suggested that the fluctuat-
ing WHEF is nearly isotropic in the separation region. Second, at x;—x3,
we observe that the spatial extent of the correlation maps exhibits a
significant increase in the streamwise direction and a slight decrease in
the spanwise direction. As a result, the maps become elongated in the
streamwise direction again, corresponding to the regeneration of the
streaky structures downstream of x* = 4. For instance, the extent in the
streamwise and spanwise direction is about Ax™ = 298 and Az = 50
for a correlation value of 0.3 in Fig. 16(f). This shows that the regener-
ated streaks have larger streamwise correlation lengths, as previously
mentioned in Fig. 9, suggesting that the recovery of the spanwise-
alternating streaky structure is not fully completed. Furthermore, it is
interesting to notice that the present two-point correlation analysis
resembles very closely the wall shear stress correlations downstream of
the interaction performed by Tong et al.”’ in the reflected interaction.

Figure 17 shows maps of the space-time correlation coefficient
R.. (Ax", 0, Af") at the six streamwise locations. The convective
nature of the WHF fluctuations in the present study is in good

10° 10°} (b)
10" 10"
FIG. 15. Integrations of (a) wall pressure
[\. [\4 and (b) WHF spectra at different stream-
wise locations.
10° 10° R zse
—_—i— X,
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agreement with the wall pressure field correlations in a transonic
shock/boundary layer interaction by Bernardini et al.”® All the maps
in Fig. 17 are highly skewed and characterized by a narrow forward-
leaning elliptical behavior, where the major axes are inclined in the
first and third quadrant of the Af*—Az" plane. This means that the
downstream propagation of the WHF fluctuations is generally main-
tained in the interaction region. However, the spatial and temporal
extents of the correlation maps at S and R experience a systematic
reduction, leading to a sharp contraction observed in Figs. 17(b) and
17(c). It is suggested that the spatial and temporal coherence of the
fluctuating WHE is significantly reduced in the separation region, very
similar to the space-time correlation analysis of the wall shear stress
field reported by Tong et al.”” At x;—x3, a rapid recovery is identified
in Figs. 17(d)-17(f). Specifically, the temporal extent for the 0.3 corre-
lation level at location R decreases to about 50% of the upstream value,
whereas the temporal extent at x; increases by about 1.2 times.
Another striking feature is the variation in the inclination of the corre-
lation map. The inclination angle of the major axis with respect to the
delay time axis experiences a monotonic decrease at S and R, followed
by a rapid increase at x;—x;3. In Fig. 17(f), it is apparent that the angle
at x5 is still lower than that at X, further indicating that the spatial
and temporal evolution of the fluctuating WHF field has not fully
recovered in the downstream region.

ARTICLE scitation.org/journal/phf

Differences can be better understood by comparing the convec-
tion velocity U, reported in Fig. 18. Similar to Duan et al,” the con-
vection velocity for a given time delay At" is computed as the ratio
Ax"/At" with Ax" corresponding to the value where

ORy(ry,0, AtT)

o . =0. (6)

As seen in Fig. 18, the computed convective velocity depends weakly
on the time delay Af". At x5, the fluctuating WHF propagates down-
stream at about U. = 0.55U.—0.62U,. The convection velocity
monotonically decreases at S and R, dropping to 0.37U,,—0.43U,,, and
0.04U,.—0.1U,, respectively. The significant reduction in the convec-
tion velocity is probably linked to the reversed flow structures in the
separation region. At x;—xs;, the convection velocity persistently
increases but still smaller than that at x,. varying between 0.2U,, and
0.4U, confirming that the recovery process is incomplete.

E. Decomposition of mean WHF

As suggested by Sun et al,'’ the decomposition of the mean
WHEF Cj, for compressible boundary layer flows is derived from the
integration of the total energy equation from the wall to the free
stream, expressed as

Ch:pool kaggd poolUéc J:C _CPpV”THZ_;dy+ﬂ:U§CJ mg—;dy+poclUéo J:O_lpu,k,u,k, ’”g_dy
Chc Chtr Ch,MD Ch,xE
/)OC%J 1oy aud —i-pO:U;10 JO ukpuZu]/-/a—dy—i-pm% . (ot — Uy )(p%)dy—o— lU;‘O JO (t — Ux) {%“ﬁ(gj)} dy
Chms Ch,rs ChG1 Chc2
! ro(it— U, )(ki—c pu"T" + Wl oy —1W+u Ok — Uppu) ”)d 7)
P UL o0 ox @ KOki — o PU U kOkj — Ukpuity ) ay,

Ch,(}}

where Cy,c, Cir> Cromps Chres Croms, and Cy g, respectively, repre-
sent the contributions of heat conduction, turbulent heat transport,
the wall-normal component of the molecular diffusion, transport of
turbulence kinetic energy (TKE), the work of the molecular stresses,
and the Reynolds stresses. The terms Cj, g1, Cj,G2, and Cy, g3 account
for the temporal variation of the specific total energy E, pressure work,
and the streamwise heterogeneity, respectively.

In a previous paper, the authors performed a scale-based decom-
position analysis of the mean WHF generation in a zero-pressure-
gradient spatially developing supersonic turbulent boundary layer
under the same flow conditions.' It was found that the small-scale
structures in the inner region carried a significant positive contribution
to the mean WHEF generation, whereas the large-scale structures in the
logarithmic and outer regions were dominant, transporting the excess
heat away from the wall. In this section, we numerically investigate the
mean WHE generation downstream of the interaction through a direct
comparison of the decomposed results in the previous decomposition

of the value in the upstream turbulent boundary layer."" The above
decomposition of the mean WHEF is applied in SWTBLI for the first
time to the author’s knowledge, which provides comparative informa-
tion on the quantitative contribution of coherent turbulent structures
with specific length scales to the generation of the mean WHEF
throughout the interaction. Recalling that the mean WHF distribution
reported in Fig. 7(c) experiences strong amplification in the interaction
zone and nearly plateaus at x* > 4, only the decomposition of Cj, at x*
= 10 is shown for a better comparison. Note that no significant change
is observed at other locations at x* > 4, which are not shown here for
brevity.

Figure 19 shows the decomposition of Cj,. The relative error,
defined as (Cy, sum—C,.pns)/Crpns, 18 estimated at 0.12%, where Cp, sum
and Gy, pns are the sum of the nine decomposed components and the
mean WHEF calculated using the raw DNS data, respectively. This sug-
gests that the present decomposition is highly reliable. The mean WHF
generation is dominated by the positive Cy, rs and negative Cj,y; values,
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FIG. 18. Convection velocity at different streamwise locations.

reaching approximately 130.05% and —74.50%, respectively, whereas
the contributions of the other components are relatively small and can
be neglected in comparison. The general trend is consistent with the
present authors’ previous findings for an undisturbed turbulent bound-
ary layer, where the positive contribution of Cj,rs and negative contri-
bution of Gy were about 126.67% and —76.64%, respectively. A

1 (® ) Ot 1 (®
Ch‘TH:TJO —c,pV| T} 8 +POOU4J
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notable difference is that the positive contribution of the molecular
stresses Cy,\p has a negligible value, about 16.37%, compared to 44.21%
in the previous analysis of the undisturbed boundary layer.
Considering the large positive Cy,rs (even larger than C,,) and the large
negative C, 1y, it is apparent that the mean WHF generation in the
downstream region features a counteraction between Cj,rs and Cp,ry.
The negative turbulent transport C,ryy moves the excess heat at the
wall generated by the work of the Reynolds stresses Cj,zs toward the
outer region.

Following Cheng et al.,"" the contributions of Curs and Cy,ry are
further investigated by decomposition using the BEMD method to
quantify the contribution of turbulent structures associated with spe-
cific spanwise length scales. The wall-normal heat flux and Reynolds
shear stress in Eq. (4) are rewritten as

4

4
o 11 ! o 11 !
Y § vi T § , vi T3,
i i= IJ Lizj ®)
U — § :u"v” -

Z u:/ ;/7

i=1j=1,i#j
where u;, v;,and T;, i=1, 2, 3, 4, represent the velocity and temper-
ature fluctuations corresponding to the four BEMD modes charac-
terized by increasing spanwise length scales. Thus, the wall-normal
heat flux and Reynolds shear stress are split into four diagonal and
12 non-diagonal terms. Subsequently, Cyrs and Cj, 1y are further
split into the corresponding 16 terms, denoted by the mode num-
ber index (i, j) with i and j being the ith and jth BEMD mode and
expressed as

(11)

1 o P 1 o
Chrs = puyv) —dy
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~— ~— N
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V2 3 y p UL |, 4 48)/ y (10)

(1,1) (1,2) (4.4)

Here, the four diagonal components, (1, 1), (2, 2), (3, 3), and (4, 4)
account for the contributions related to turbulent fluctuations with
specific spanwise length scales, whereas the other 12 non-diagonal
components represent the contributions from the interactions between
different spanwise scales. Under such decomposition, the component

e\? Error = 0.12% 130.05
\g 100
= 17.44 16.37 1L14 741
_g O-_-- --1.-6-?---_--_ - I _ e .
= . -5.04
=
=
8 100 -74.50
Ch,C h,TH Ch,lVlD Ch,TKE Ch,MS Ch,RS Ch,Gl Ch,GZ

(1, 1) is mainly produced by small-scale structures in the near-wall
region, and the component (4, 4) is associated with large-scale struc-
tures in the outer region. The contributions generated by
intermediate-scale structures are denoted by the components (2, 2)
and (3, 3). Note that the components related to the Reynolds shear

1
: 100.12
, FIG. 19. Decomposition of the mean
1 WHF at x* = 10. The sum of the compo-
— - nents is denoted by the black bar.
-4.44
1
1
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FIG. 20. Pre-multiplied spanwise spectra of the decomposed fluctuations in the first mode with values below 0.1 omitted: (a) u, (b) v, and (c) T. The spectra are normalized by
the maximum value. The original spectra for the raw DNS data are denoted by five equally spaced iso-lines, from 0.1 to 0.9. The black and pink circles represent the spectral

peaks for the raw DNS data and first BEMD mode, respectively.

stress contribute almost 95% of Cj, s, so the other components of Cy,
grs are neglected in the above decomposition because of their relatively
smaller magnitudes.

In Figs. 20-23, the pre-multiplied spanwise spectra of 4/, v/, and
T" for the four modes are compared with the full spectra. For v/, the
original spectra are dominated by two peaks, one inner peak at (y*
=8.7, 4,7 = 95) and one outer peak at (y* = 281.8, 2,* = 525). This
is different from the previous findings of the upstream turbulent
boundary layer, where the spectra are characterized by an inner peak
centering at y* = 130 and 4, = 120, with no evident energy peak in
the outer region. For V' and T”, the original spectra are characterized
by one outer peak each, located at (y© = 251.2, 1, = 479) and (y"
=501.2, A, = 1175), respectively. Compared to an earlier study of
the upstream turbulent boundary layer, the peak locations are
moved outward and the energetic wavelengths are significantly
increased, which is indicative of the great dominance of the outer
large-scale velocity and temperature fluctuations in the down-
stream region.

As expected, the spectra of the decomposed fluctuations indicate
that the characteristic spanwise wavelength becomes larger with
increasing mode number. Specifically, the first mode spectra for u”,
shown in Fig. 20(a), are concentrated in the small (y+, },;) domain,
with the peak appearing at (y© = 8.3, 1,” = 65). This is a clear reflec-
tion of the regenerated near-wall streaky structures in the downstream

region, as frequently observed in previous numerical studies of
SWTBLIs. As shown in Fig. 23(a), the peak in the fourth-mode spectra
appears at 1,7 = 660 (., = 0.866) and y" = 272.9, which is the symp-
tom of large-scale outer structures dominating the downstream region.
Similar large-scale structures were also reported in the reflected inter-
actions of Pasquariello ef al.'” and Zhuang et al,"' who highlighted
the existence of the often-discussed Gortler-type vortices characterized
by a spanwise length scale of approximately . For the second and
third modes of ”, it is seen that the spectra in Figs. 21(a) and 22(a)
are characterized by intermediate-scale structures, with the energy
peaks occurring at (y© = 13.7, 1,7 = 154) and (y© = 20.3, A,"
= 298), respectively. In this sense, the overall trend of the original
spectra is effectively captured by the selected four BEMD modes.
Moreover, it is notable that the peak locations in the #// and v/ spectra
consistently move outward with increasing mode number, which is
completely different from the decomposed spectra of T". Interestingly,
the spectra for the four modes reported in Figs. 20(c), 21(c), 22(c), and
23(c) are peaked at an approximately constant outer location, ranging
between /A, " = 457 and /., = 479. Although the reason for this differ-
ence is unclear, it might be partially ascribed to the slower recovery of
the near-wall region temperature streaks and a predominance of
downstream large-scale temperature fluctuations. This could occur
because the original T spectra are primarily centered in the large (y*,
;") domain compared with the " and v/ spectra.
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FIG. 21. Pre-multiplied spanwise spectra of the decomposed fluctuations in the second mode with values below 0.1 omitted: (a) u, (b) v, and (c) T. See Fig. 20 for the legend.
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FIG. 22. Pre-multiplied spanwise spectra of the decomposed fluctuations in the third mode with values below 0.1 omitted: (a) u, (b) v, and (c) T. See Fig. 20 for the legend.
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FIG. 23. Pre-multiplied spanwise spectra of the decomposed fluctuations in the fourth mode with values below 0.1 omitted: (a) u, (b) v, and (c) T. See Fig. 20 for the legend.
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A comparison of the 16 decomposed components with the com-
plete Reynolds shear stress calculated using the raw DNS data is shown
in Fig. 24 against y . Excellent collapse on the complete profile of the
Reynolds shear stress is obtained for the sum of the 16 terms, which is
a further confirmation of the accuracy of the present BEMD method.
It is seen that the Reynolds shear stress generation is mainly domi-
nated by the four diagonal components plotted in Fig. 24(a), while the

FIG. 24. Profiles of the decomposed
Reynolds shear stress normalized by the
maximum raw Reynolds shear stress: (a)
diagonal components and (b) non-
diagonal components.

contributions of the other 12 non-diagonal components reported in
Fig. 24(b) are negligible. With respect to the four diagonal compo-
nents, their profiles show a quite different scenario, where the diagonal
component (4, 4) becomes dominant, suggesting that the complete
Reynolds shear stress downstream of the interaction is characterized
by the large-scale structures of " and v/ in the outer region. To be
more specific, the shape of the diagonal component (4, 4) is similar to
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FIG. 25. Profiles of the decomposed wall-
normal heat flux normalized by the maxi-
mum value of the raw wall-normal heat
flux: (a) diagonal components and (b)
non-diagonal components.
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FIG. 26. Decomposition of Cprs. The
diagonal and non-diagonal components
are denoted by the blue and red bars,
respectively.
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FIG. 27. Decomposition of Cpty. The
diagonal and non-diagonal components
are denoted by the blue and red bars,
respectively.
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the full profile, which peaks at about y ~ 300, in good agreement
with the outer peak of the complete Reynolds shear stress. This behav-
ior is inconsistent with the findings of Tong et al."" for the undisturbed
turbulent boundary layer. They reported that the full Reynolds shear
stress was mainly related to the diagonal component (1, 1) peaking at
about y* a2 20, which is associated with the small-scale structures of
/" and v in the inner region. Combined the vortical structures in Fig.
8 and the spanwise spectra in Fig. 23, we hypothesize that the domi-
nant contribution of the large-scale velocity structures in the outer
region to the full Reynolds shear stress is likely linked to the existence
of the Gortler-type vortices downstream of the interaction.

In Fig. 25, the decomposition of the wall-normal heat flux is
reported, and the sum of the 16 components matches very well with
the complete profile. Clearly, a similar trend is also observed, where
the predominance of the diagonal component (4, 4) is highlighted in
Fig. 25(a), exhibiting close similarities with the original wall-normal
heat flux, attaining its peak at y* ~ 438. Despite such a behavior is con-
sistent with the decomposed results of Tong et al,'"" who also found that

the full wall-normal heat flux in the undisturbed boundary layer is dom-
inated by the large-scale outer velocity and temperature structures, we
observe that the diagonal component (4, 4) contributes most of the full
wall-normal heat flux, whereas the contributions of the other three diag-
onal components are significantly decreased and can be neglected. This
difference will be quantitatively evidenced by the integration in the fol-
lowing analysis. Therefore, it is further confirmed that the wall-normal
heat flux in the downstream region strongly depends on the outer large-
scale velocity and temperature structures.

Correspondingly, the decompositions of the Cy, zs and Cy, 1y5 con-
tributions are given in Figs. 26 and 27, respectively. Here, all the
decomposed components of the Reynolds shear stress and wall-
normal heat flux are integrated over the boundary layer to provide
more quantitative evidence for the dominance of the large-scale outer
turbulent structures. Consistent with the upstream turbulent boundary
layer, the four diagonal components contribute most to Crrs and Cg
Tr» reaching about 71.52% and 73.48%, respectively. More specifically,
the contribution of the large-scale outer component (4, 4) accounts for
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up to about 40% of Crrgs and 62.24% of Ceryy, In the previous analysis
of Tong et al.,,'" corresponding values for component (4, 4) were about
15.40% and 24.97%, respectively. Regarding component (1, 1), the
contributions are about 11.03% and 1.23% for Cggs and Cgryy, respec-
tively, compared to 27.52% and 15.86% reported by Tong et al.'’
Recalling the significant contributions of Cggs and Cyryy to the genera-
tion of Cj, the present results quantitatively support the conclusion
that the mean WHF generation downstream of the interaction is
utterly different from the upstream turbulent boundary layer, where
the predominance of the small-scale structures in the near-wall region
is overtaken by the large-scale structures in the outer region.

IV. CONCLUSIONS

The wall heat flux signature of supersonic shock wave/turbulent
boundary layer interaction has been investigated using data from the
DNS of a 33.2° impinging shock wave interacting with a spatially
developing boundary layer at M, = 2.25 and Re, = 769 and a cooled
wall condition.

Scaling analysis has shown that the mean WHE scales well with
the wall pressure throughout the interaction, except for slight depar-
tures. The PDFs normalized by the local RMS value yield a good col-
lapse of the positive tails. The pre-multiplied spectra of the fluctuating
WHE evidence that the shock interaction significantly enhances the
intermediate frequency dynamics, whereas the low-frequency energy
is slightly influenced by the typical low-frequency unsteadiness of the
separated shock. The two-point WHEF correlations reveal a significant
decrease in streamwise coherence in the separation region, followed by
a recovery featured by larger streamwise correlation length scales,
whereas the spanwise coherence throughout the interaction is rela-
tively unaffected. The convection velocities determined using the
space—time correlations of the fluctuating WHF dramatically decrease
in the separation region and experience an increase in the downstream
region, varying in the range of 0.2-0.5U,. Decomposition of the
mean WHF in the downstream region demonstrates the predomi-
nance of the positive Cj,rs contribution associated with the Reynolds
stress and the negative Cy,ry; contribution related to turbulent heat
transport. The integration of the decomposed Reynolds shear stress
and wall-normal heat flux quantitatively reflects the dominant contri-
bution of the large-scale outer velocity and temperature fluctuations,
responsible for about 40% of Cgrs and 62.24% of Cpy.
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