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Abstract The evolution characteristics of the mean skin friction beneath the supersonic turbulent

boundary layer that interacts with incident shock waves at Mach 2.25 are analyzed using Direct

Numerical Simulation (DNS). The separated and attached boundary layers in the interaction region

that respectively correspond to 33.2� and 28� incident shock angles are considered. The mean skin

friction recovery rate for the separated boundary layer is much gentler and distinctly less than that

for the attached case where the skin friction completes its recovery within one boundary layer thick-

ness. The novel mean skin friction decomposition method for compressible flows proposed by the

recent research is applied in the interaction region to investigate the internal evolution characteris-

tics quantitatively. The results reveal that the three decomposition components are distinctly

unequal between the two cases. The contributions of the turbulent motions at different scales to

the associated term are focused on using empirical mode decomposition technology. It indicates

that the outer large-scale structures dominate separation and reattachment regions, while contribu-

tions from inner small-scale structures are limited. In contrast, contributions from the outer large-

scale structures are dramatically reduced in the attached case, which results in the outer large-scale

and inner small-scale motions being of equal importance.
� 2023 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and

Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Owing to its ubiquitous presence and profound significance in
the aeronautical field, Shockwave/Turbulent Boundary Layer
Interactions (STBLIs) have been widely studied over the past
half century. The encountered phenomena include the maxi-
mum surface fluctuating pressure, severe wall heat flux peak,
and strong unsteadiness, which cause significant adverse effects

on aircraft and component performance.1,2 There has been
some remarkable progress with these fundamental phenom-
ena, especially over the last 20 years, through the fast-

developing high-resolution experimental measurement facili-
ties and High-Performance Computing (HPC) technologies.
However, many challenges urgently need to be solved,3 such
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as shock wave low-frequency oscillations, turbulence amplifi-
cation, and quick and accurate prediction methods.

Wall Shear Stress (WSS), together with Wall Heat Flux

(WHF) and wall pressure, which are wall-quantities closely
related to the aerodynamic design and thermal protection of
the aircraft, is of obvious importance in studying wall-

bounded turbulent flows.4,5 A considerable number of empiri-
cal or semi-theoretical formulations between mean WSS and
Reynolds number in smooth-wall-bounded turbulent flows

have been built up.6–9 Besides, various studies have been con-
ducted to improve understanding of the statistics and structure
of fluctuating WSS.10–12 Extremely high WSS events in the
incompressible Turbulent Boundary Layer (TBL) were studied

by Pan and Kwon,10 and the relationships between the extreme
positive WSS events and the strong sweeping events originat-
ing from the outer layer positive large-scale motions were

detected. Statistical characteristics of WSS and WHF fluctua-
tions in supersonic TBL were investigated by Tong et al.,11 and
the similar mechanism for WSS in compressible flows was

found through conditional average analysis.
The WSS has also been widely investigated in STBLI flows.

Various kinds of methods, for instance, the buried wire

gages,13 laser interferometric instruments,14 and global inter-
ferometry skin friction techniques,15 were used to make mea-
surements in the two- or three-dimensional interaction
regions. The WSS was calculated theoretically for the normal

shock wave/flat plate TBL interactions by asymptotic meth-
ods.16 The statistical characteristics of WSS fluctuations,
including the probability density function, weighted power-

spectrum density, and space–time correlation, are significantly
changed through the interaction region.17,18

It is well known that the enhanced skin friction and heat

transfer in the Reattached Boundary Layer (RBL) can be sev-
eral times the values of the incoming undisturbed TBL,19

which deteriorate significantly for hypersonic flows.20,21 The

excessive skin friction causes reduced aerodynamic efficiency
and combat radius and increased fuel investments. To the
authors’ knowledge, there is minimal systematic research
about the skin friction evolution characteristics of the TBL

under shock interactions. Recent research has proven that skin
friction is related to turbulent motion within the boundary
layer through mathematical derivations.22,23 As noted by Tong

et al.,24,25 the turbulent vortex structures are significantly
strengthened due to the shock interactions. Turbulent motion
within the RBL is more complex and characterized by regener-

ated small-scale structures in the inner layer, and large-scale
structures in the outer layer originating from the upstream
interaction region. The relationship between the mean skin
friction and complex vortical structures within the RBL needs

further study.
The primary objective of this study is to further improve the

physical understanding of the skin friction relaxation process

downstream of the interaction region in STBLI flows via
Direct Numerical Simulation(DNS). To this end, the mean
skin friction decomposition in the compressible boundary

layer proposed by Li et al.26 is combined with bidimensional
Empirical Mode Decomposition (EMD) to analyze the DNS
dataset of the 33.2�/28� incident shock that interacts with a

turbulent boundary layer at Mach 2.25. This method can pro-
vide a physical interpretation for different contributing terms
while quantifying the contributions associated with specific
spanwise length scales.
The remainder of this paper is organized as follows.
Section 2 fully describes the simple flow configuration selected
for the DNS and the adopted computational setup. Section 3

discusses the evolution characteristics of the mean skin friction
in STBLI flows through analyses of the ensemble-averaged
field, mean skin friction decomposition, and empirical mode

decomposition. Conclusions are drawn in Section 4.
2. Numerical strategy

2.1. DNS setup overview

The three-dimensional compressible conservative Navier-
Stokes equations are nondimensionalized using the freestream
velocity u1, density q1, temperature T1, dynamic viscosity

l1, and unit length L = 1 in�1 (1 in = 0.0254 m), and are
directly numerically solved using the high-order finite differ-
ence solver Opencfd-SC developed by Li et al.,27 which has
been widely applied in compressible turbulent flows and

STBLI flows.28–32 The subscript ‘‘1” represents the properties
of the freestream flow. The perfect gas equation and Suther-
land’s equation are employed to close the governing equations.

The specific heat ratio and molecular Prandtl number are
taken as c = 1.4 and Pr = 0.7 respectively. For the spatial dis-
cretization of the governing equations, the convection terms

are solved using a bandwidth-optimized WENO scheme com-
bined with the limiters,33 which has been generally used in
STBLI problems.17,34 The diffusion terms are solved using

an eighth-order central scheme. In addition, a third-order
Runge-Kutta method is used for time integration.

A two-dimensional sketch of the computational domain is
shown in Fig. 1. The original point of the Cartesian coordinate

system is at the nominal shock incident point xo, and the spa-
tial coordinates are normalized by the turbulent boundary
layer thickness dref = 0.078 in�1 at the reference station, where

its non-dimensional coordinate is x = � 4.0. Unless otherwise
stated, the spatial coordinates (x, y, z) are normalized by dref.
The laminar boundary layer, which has identical freestream

parameters and wall temperature conditions, is prescribed at
the inlet boundary. A fully developed TBL is generated
through the transition of the incoming laminar boundary layer
under the disturbance of wall blowing and suction. The region

for these disturbances ranges from x= � 47.5 to �41.1 down-
stream of the inflow laminar boundary layer, and the setup of
wall-normal disturbance velocity vbs is the same as suggested

by Pirozzoli et al.35 and Fang et al.36 Additionally, an isother-
mal non-slip boundary condition with a fixed wall temperature
of Tw = 1.9T1 is imposed. Hereafter, the subscript ‘‘w”

denotes the properties at the wall surface. The non-reflective
boundary condition is adopted for the computational
domain’s outlet and top far-field boundaries to protect it from

staining by reflected disturbances. The single-point R-H rela-
tions are imposed at the top boundary around xs = � 9.8
or � 12.1 to generate an incident shock with shock angles of
a = 33.2� or 28�. The incident shock generated by this method

is easier to control than the wedge angle used by Zhong et al.37

Periodic boundary conditions are used in the spanwise
direction.

As shown in Fig. 1, the extent of the computational domain
is Lx � Ly � Lz = 68.43dref � 6.31dref � 2.25dref. A structured
Cartesian mesh composed of 3700 � 300 � 250 grid points in



Fig. 1 Sketch of computational domain in x-y plane. The grid points are plotted with only every tenth and fourth point in x and y

directions, respectively.
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the x, y, and z directions discretizes the computational domain

for both cases. The mesh in the streamwise direction is
progressively refined in the transition region ranging from
x = � 51.3 to � 12.8 (total of 600 grid points) and is uni-

formly distributed in the well-resolved region ranging from
x = � 12.8 to 12.8 (total of 3000 grid points). In these two
regions, the wall-normal mesh is clustered toward the wall

using a hyperbolic tangent mapping with 193 grid points
within the TBL and 280 grid points within the computational
domain (y � 3.85). In the top and outlet buffer regions, the
mesh is rapidly coarsened in the wall-normal (20 grid points)

and streamwise (100 grid points) directions respectively to fur-
ther perfect the dominating computational region from being
fouled by reflected disturbances. In addition, 250 grid points

are equally distributed for the spanwise computational domain
0 � z � 2.25. As evaluated at the reference station, the mesh
resolution in the streamwise direction, wall-normal directions

at wall surface and TBL edge, and the spanwise direction are
Dxþ ¼ 6:23, Dyþw ¼ 0:65, Dyþe ¼ 11:66, and Dzþ ¼ 6:54, respec-

tively. Note that the superscript ‘‘+” represents the variable in
the inner scaling, i.e., it is normalized with the viscous scales
computed at the reference station. Research by Poggie et al.38

on the effects of mesh resolution on compressible turbulent
flows indicates that the present simulation uses the standard
mesh to resolve the finest structures in turbulent flows.

The parameters of the fully developed TBL are similar to

those considered by Pirozzoli et al.35,39 and Fang et al.36 These
are a freestream Mach number of Ma1 = 2.25, freestream
unit Reynolds number of Re = 635000 in�1, and freestream

flow temperature of T1 = 169.44 K. At the reference station,
the Reynolds number based on the momentum boundary layer
thickness is Reh = q1u1h/l1= 3533, and the friction Rey-

nolds number is Res = qwusdref/lw = 728.

2.2. DNS validation

The van Driest transformed mean streamwise velocity uþvd in
the inner scaling is defined as

uþvd ¼
Z u�þ

0

ffiffiffiffiffiffi
q
�

q
�
w

s
du
�þ ð1Þ

and the Reynolds-averaged streamwise velocity u
�
in the outer

scaling is plotted in Fig. 2. Unless otherwise stated, the super-

script bar ‘‘–” and tilde ‘‘�” represent the Reynolds average
(i.e., time-spanwise average) and Favre average (i.e., density-

weighted average eU ¼ qU=�q) respectively, with a prime and

double prime for the corresponding fluctuations. As shown
in Fig. 2, the velocity profiles overlap well with the DNS data
from Schlatter and Örlü9 (incompressible TBL at Reh = 2000)
and Fang et al.36 (similar compressible TBL at Reh = 3700), as
well as the experimental data of Bookey et al.40 (compressible

TBL at Reh = 2400). Specifically, the profile of uþvd presents a

linear distribution in the viscous sublayer y+ < 7 and obeys
the log-law with a standard slope of 1/j = 2.44 (j is the Kar-
man constant) with a cutoff of 5.2 in the log layer

30 < y+ < 100.
The profiles of the local-density weighted Reynolds stress

components q
�
=q
�
w
gu00u00 , q� =q�w

gv00v00 , q� =q�w
gw00w00 , and q

�
=q
�
w
gu00v00

for the fully developed TBL are presented in Fig. 3. A good
quantitative agreement between the present DNS and the
results of Schlatter and Örlü9 and Fang et al.36 is achieved.

Furthermore, the peak of the streamwise normal stress

q
�
=q
�
w
gu00u00 is located in the buffer region at y+ � 13, which

is coincident with previous results. However, the peak value
is slightly greater than that of Schlatter and Örlü9 due to the

Reynolds number effects.
More quantitative evidence is provided in Fig. 4, where the

budget terms of the Turbulent Kinetic Energy (TKE)

K ¼ gu00i u00i =2 are reported. The TKE transport equation can
be written as

@�qK
@t

¼ Cþ Pþ TþPþDþM� e ð2Þ

where TKE is balanced by the terms of convection C, produc-

tion of the mean velocity gradient P, turbulent transport T,
pressure dilatation P, viscous diffusion D, mass flux contribu-
tion associated with density fluctuations M, and viscous dissi-
pation e. Detailed formulae for these terms are found in the

work of Pirozzoli et al.35 and Tong et al.41 As shown in
Fig. 4(a), the transport process for TKE is dominated primar-
ily by the production P, viscous dissipation e, turbulent trans-
port T, and viscous diffusion D, while the other terms are
negligible. In the region of y+ < 30, the greatest generation
of TKE is transported into the near-wall region via turbulent

transport and viscous diffusion, and eventually dissipated as
heat in the near-wall region. In the log layer for y+ > 30,
TKE production is balanced mainly by viscous dissipation.
Furthermore, the production-to-dissipation ratio P/e is illus-

trated in Fig. 4(b), which shows that the ratio attains a maxi-
mum value of approximately 2.0 at y+ � 10. These results are
consistent with those of Schlatter and Örlü9 and Sun et al.42 In

particular, the ratio remains constant for 30 < y+ < 100 with
a value between 1.0 and 1.2, which implies a local equilibrium
in the log layer.

In Fig. 5, the distribution of the mean wall pressure p�w for

a = 33.2� is compared with the experimental data from

Dupont et al.43 atMa= 2.3 with a= 33.4�, and the DNS data
of Fang et al.36 under similar flow conditions. The mean wall

pressure is defined as p�w ¼ p
�
w � p1

� �
= p1 � p1ð Þ, where p

�
w is

Reynolds-averaged pressure at the wall surface, p1 is the pres-



Fig. 2 Profiles of van Driest transformed mean streamwise velocity uþvd for inner scaling (a) and Reynolds-averaged streamwise velocity u
�

for outer scaling (b) at reference station.

Fig. 3 Profiles of local density-weighted Reynolds stress tensor Rij ¼ q
�
=q
�
w
gu00i u00j for inner scaling (a) and outer scalin-g (b) at reference

station. The solid and hollow symbols are the DNS results of incompressible TBL conducted by Sch-latter and Örlü9 and compressible

TBL by Fang et al.,36 respectively.

Fig. 4 Profiles of turbulence kinetic energy budget terms (a) and production-to-dissipation ratio (b) at reference station. The symbols in

(a) are the DNS results for Ma = 2.25 zero-pressure-gradient turbulent boundary layer with the same flow conditions as Pirozzoli et al.35
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sure of the freestream flow, and p1 is the pressure after the inci-
dent shock, which is calculated using the R-H relations. The

origin of the streamwise coordinate in Fig. 5 is set as the mean
position of the foot for the reflected shock wave xRS, which is
determined as suggested by Fang et al.36 where the position of

the mean wall pressure p
�
w rises to p1 þ p1ð Þ=2. A good



Fig. 5 Distribution of mean wall pressure,

p�w ¼ p
�
w � p1

� �
= p1 � p1ð Þ, with the incident shock angle of

a = 33.2�. The dotted line represents the inviscid shock solution.
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collapse between the current DNS with the experimental data
and previous DNS data is seen in Fig. 5, which represents the

accuracy of the simulation in the interacting region.

3. Results and discussion

3.1. Instantaneous and mean flow fields

Contour maps of the instantaneous streamwise velocity u for
a = 33.2� and 28� are plotted in Figs. 6 and 7, respectively.
Fig. 6 Contour maps of instantaneous streamwise velocity u for an in

plane (c). The white solid lines are the isolines of u = 0.

Fig. 7 Contour maps of instantaneous streamwise velocity u for an in

plane (c). The white solid lines are the isolines of u = 0.
An incident shock is generated through the single-point R-H
relations imposed at the top boundary and interacts with the
incoming TBL downstream. As shown in Fig. 6(a), a transpar-

ent separation region can be observed around the incident
shock point. According to Souverein et al.,44 a strong interac-
tion occurs for a = 33.2�. The incoming TBL is blocked under

the adverse-pressure-gradient effects caused by the incident
shock, and a large area of low-momentum fluids accumulates
in the downstream region of the reflected shock. Multiple small

and separated elements, which are highlighted by solid white
lines, can be found within the separation bubble. Notably,
the reattached turbulent structures downstream of the interac-
tion region are lifted by the low-momentum fluids within a

long horizontal distance (at least 5dref).
In the buffer layer, the canonical high- and low-speed alter-

nating streamwise-elongated streak structures with spanwise

widths of approximately Dz+ = 80–100 are seen in Fig. 6
(b), which is consistent with the experimental observations of
compressible TBL at Ma = 2 by Ganapathisubramani et al.45

Despite these streak structures disappear within the interaction
region, and they begin to regenerate until 2dref downstream of
xo. Furthermore, the regenerated streak structures, such as at

x = 3.0, have a much larger spanwise scale than the upstream
TBL. These are associated with Görtler vortices20, 46–48 and
Kelvin-Helmholtz instability43, 49 in the detached shear layer,
as previously observed by Pasquariello et al.50
cident shock angle a= 33.2� in x-y plane (a), x-z plane (b), and y-z

cident shock angle a = 28� in x-y plane (a), x-z plane (b), and y-z



Fig. 8 Instantaneous turbulence coherent structures around

reference station (a) and downstream of interaction region (b) for

an incident shock angle of a = 33.2�.

Fig. 9 Instantaneous turbulence coherent structures around

reference station (a) and downstream of interaction region (b) for

an incident shock angle of a = 28�.

Fig. 10 Distribution of mean wall pressure p
�
w=p1 (a) and mean

skin friction coefficient Cf (b). The dashed lines in Fig. 10(a) are

the inviscid shock solution.
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As reported in Fig. 7, the interaction intensity for a= 28� is
weaker than that for a = 33.2�. The large area for low-
momentum fluids that is obviously observed in Fig. 6(a) is
absent, and the incoming boundary layer remains nearly

attached when passing through the interaction region. More-
over, the flow field structure for a = 33.2�, which is completely
separated in the interaction region, is distinct from the interac-
tions with a = 28�, where the fluids have minimal separation.

In addition, a footprint of the incident shock brands on the
incoming streamwise-elongated structures is shown in Fig. 7
(b), where the lower-speed streaks between � = � 1.0 and

0 are relatively weakened. Downstream of the interaction
region, these streaky structures are essentially preserved and
the spanwise length is slightly changed, which is utterly differ-
ent from the 33.2� case.

The instantaneous vortex structures beneath the fully devel-
oped TBL and RBL for both cases are visualized in Figs. 8 and
9, respectively, using the Q criterion proposed by Jeong and

Hussain.51 Coherent structures appear as streamwise vortices
upstream of the interaction region, which is known as the leg
of horseshoe-like vortices and agrees with the numerical obser-

vations of Zhang et al.,52 Wu et al.,53 and Fang et al.,36 as well
as the experimental observations by Zhuang et al.54 For
a = 33.2�, there are more vortex structures captured at higher

altitudes around x = 3, with larger spatial scales than at the
upstream TBL, which is consistent with observations of the
streak structures in the near-wall region. However, differences
in the vortex structures between the upstream and downstream

zone are indistinctive for a = 28�, except that the vortices
downstream of the interaction region are slightly more abun-
dant and at approximately the same height as the upstream

ones.
Fig. 10 illustrates the distribution of the mean wall pressure

p
�
w=p1 and mean skin friction coefficient, defined as

Cf ¼ sw= 1=2ð Þq1u21
� �

, where sw is the streamwise components

of WSS. Compared with the inviscid shock solution, we find

that the distribution of p
�
w=p1 in Fig. 10(a) is significantly

impacted by the viscous effect, which spreads the wall pressure
jump over a much larger area with a smoother gradient. Fur-
thermore, the skin friction reported in Fig. 10(b) drops as the

wall pressure increases after entering the interaction region,



Table 1 Decomposed skin friction components for fully

developed turbulent boundary layer.

Case Cf,V/Cf (%) Cf,T/Cf (%) Cf,G/Cf (%)

Present DNS 40.76 46.61 12.63

Fan et al.56 40.53 49.50 9.96

Tong et al.11 41.73 45.02 13.25
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which indicates that the boundary layer decelerates under the
effects of the adverse pressure gradient. Specifically, for
a = 28�, the skin friction quickly decreases to 38% of its

incoming level before the incident shock point and then recov-
ers quickly to its nominal value after the incident shock point.
No negative skin friction is observed in the interaction region,

indicating that the boundary layer is statistically fully attached
across the interaction. However, for a = 33.2�, the skin fric-
tion drops sharply but becomes negative before rising to a min-

imal positive value. After this brief rise, the skin friction
reduces to a negative value before increasing to a positive
one. The distribution of the mean skin friction predicts two
distinct separation bubbles, which is consistent with the obser-

vations of Fang et al.36

Clearly, the streamwise distributions of the skin friction in
the downstream region for both cases are distinct. To intu-

itively evaluate the streamwise evolution process of the skin
friction, a theoretical estimate proposed by White55 for the
undisturbed TBL is plotted in Fig. 10(b) with the dashed line,

Cf ¼ 0:455

S2
lg

0:06

S
Rex � Rex0ð Þ l

�
e

l
�
w

ffiffiffiffiffiffi
T
�
e

T
�
w

vuut0@ 1A24 35�2

ð3Þ

where x0 is the ‘‘virtual” origin of the turbulent part of the
boundary layer, and

S ¼ 1

arcsinA

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
�
w

T
�
e

� 1

vuut withA ¼ c� 1

2
Ma2e

T
�
e

T
�
w

 !1=2

ð4Þ

Pirozzoli et al.35 showed good agreement between the above
formula and its DNS results, thus providing a reference skin

friction value for the downstream undisturbed TBL. For
a = 28�, the dropped skin friction recovers sharply to a value
of approximately 2.3 � 10�3, and then decreases gradually far-

ther downstream. In contrast, for a = 33.2�, the entire recov-
ery process for the skin friction is gentle. The skin friction
experiences a consistent increase downstream of the interac-

tion region and does not rise to the same level as the upstream
TBL until x= 7.4, which then presents a continuously increas-
ing trend. In summary, the recovery process for the skin fric-

tion in the separated boundary layer is relatively distinct
from that in the attached boundary layer. In addition, the skin
friction of the downstream disturbed TBL for both cases are
more significant than that of the undisturbed TBL calculated

from Eq. (3), although under the blockage effects caused by
the incident shock.

3.2. Mean skin friction decomposition

The mean skin friction coefficient is defined as the ratio
between the mean wall shear stress sw and freestream dynamic

pressure, i.e., Cf ¼ sw= 1=2ð Þq1u21
� �

, where the mean wall

shear stress is calculated as sw ¼ l
�
w@ u

�
=@y wallj . According to

recent research,22,23,26 the mean skin friction in wall-bounded

turbulent flow can be decomposed into different physics-
informed contributions based on the mean and statistical tur-
bulence quantities across the wall layer. For compressible tur-

bulent boundary layer flow, the mean skin friction
decomposition equation proposed by Li et al.26 is
Cf ¼ 2

q1u31

Z d

0

s
�
yx

@eu
@y

dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Cf;V
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q1u31
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0

q
� g�u00v00

@eu
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dy|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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ð5Þ
Three contributions in Eq. (5) are: Cf,V, which represents

the direct viscous dissipation effect; Cf,T, which represents

the power spent for turbulent kinetic energy production; Cf,

G, which represents the spatial growth of the flow, including
the flow convection, streamwise heterogeneity, and pressure

gradient.
The decomposition results for the fully developed TBL at

the reference station of x = � 4 are given in Table 1, com-

pared with those of compressible zero-pressure-gradient flat
plate TBL from Fan et al.56 at Ma = 2 and Res = 580, and
Tong et al.11 at Ma = 2.25 and Res = 769. All three compo-
nents positively contribute to skin friction generation, which is

closely consistent with the previous studies. The TKE-
production Cf,T and direct dissipation Cf,V are the predomi-
nant components, which yield up to 46.6% and 40.8% of Cf,

respectively. Contribution coming from the spatial growth
Cf,G can be neglected, only reaching 12.6% of Cf. Figs. 11
and 12 show the decomposed components of the skin friction

at different streamwise locations for both cases, respectively.
The relative error in this research is calculated as 100 �
(Cf,V + Cf,T + Cf,G � Cf) /Cf %. The errors at all locations

for both cases are negligibly small and generally confined
to ± 3%, reflecting the accuracy of the decomposition method
in STBLI flows.

The mean skin friction decomposition results in the interac-

tion region for a = 33.2� are plotted in Fig. 11. Cf,V and Cf,T

are positive contributions, while Cf,G negatively contributes to
the skin friction generation in the interaction region, which

closely resembles the decomposition results in adverse-
pressure-gradient TBL as developed on flat-plates and air-
foils.57 In general, the absolute values of Cf,T and Cf,G increase

significantly in the separation region and become far larger
than Cf, whereas a rapid decrease is observed in the reattach-
ment region. The trend for Cf,V exhibits an opposite behavior.

Compared with the upstream TBL, a completely different
scenario emerges in the separation region characterized by
small negative skin frictions, where large positive TKE-
production and large negative spatial growth dominate. Specif-

ically, the positive direct dissipation Cf,V experiences a sharp
decrease, and its contribution is negligible, whereas the spatial
growth Cf,G becomes negative and takes the leading role in the

skin friction generation. These counteract the significantly



Fig. 11 Decomposed skin friction components in interaction

region for a = 33.2�.

Fig. 12 Decomposed skin friction components in interaction

region for a = 28�.
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amplified positive TKE-production. For instance, at x =

� 0.75, the absolute values of Cf,T and Cf,G are much greater
than Cf by one order of magnitude.

In the reattachment region, the predominance of Cf,G is

gradually overtaken by the increased positive Cf,V and
decreased Cf,T, which causes a consistently increased positive
Cf that appears from x = 1.69 to 11.81. Two observations
are made regarding this behavior. First, despite the magnitudes

of both Cf,T and Cf,G experiencing a consistent decrease, the
attenuation of Cf,G is greater than that of Cf,T, whereby the
positive Cf,T plays a dominant role in the skin friction genera-

tion. As seen in Fig. 11, at x = 1.69, Cf,T and Cf,G have com-
parable magnitudes only in the initial part of the reattachment
region. However, at x = 11.81 and downstream of the reat-

tachment region, Cf,G is dramatically reduced with only
7.9% remaining, while Cf,T decreases to 46.4% of its value
at x = 1.69. Second, the positive contribution of Cf,V becomes
apparent. At x = 11.81, the magnitude of Cf,V is approxi-

mately 2.5 times larger than that for Cf,G, which contributes
to 27.6% of Cf.

Fig. 12 shows similar trends for a = 28� at the direct vis-

cous dissipation Cf,V, TKE-production Cf,T, and spatial
growth Cf,G. Specifically, before x = � 0.33 and around the
nominal shock incident point, Cf,T increases sharply and then

consistently decreases in the downstream region, whereas Cf,V

and Cf,G hold opposite behavior. However, the contributions
of the three terms for the Cf generation change completely.

As mentioned above, Cf,V is negligible in the separation region
and gradually takes a predominant role in the farther down-
stream reattachment region. For a = 28�, Cf,V is comparable
with Cf,T at x = 0.3. It is the initial part of the recovering
boundary layer and contributes to 33.4% of Cf, much greater
than that in Fig. 11.

Moreover, Cf,T and Cf,G become relatively less predomi-

nant. For instance, the maximum value of Cf,T in Fig. 12
appears at x = � 0.33, which is only 1.6 times that of the
upstream TBL and much less than 4.8 times that for

a = 33.2�. Although Cf,G is also gradually increased down-
stream of the interaction region, it has a small positive contri-
bution to Cf generation for a = 28�. In general, the

dramatically increased Cf,V and relatively high Cf,T lead to
the rapid recovery of Cf, despite Cf,G having a negative
contribution.

3.3. EMD analysis of TKE-production contributions

Empirical mode decomposition is an adaptive mode decompo-
sition method first proposed by Huang et al.58 EMD directly

extracts intrinsic mode functions based on the signal’s instan-
taneous features, unlike Fourier analyses that require a set of
basis functions in advance. Thus, EMD is a data-driven and

posteriori method for data analysis. Readers can refer to the
work of Huang et al.58 and Cheng et al.59 for more details
about EMD procedures. It is inherently suitable for non-

stationary and non-linear processes like those in turbulent
flows. The advantages in processing multiscale signals have
led to EMD being applied extensively in fluid mechan-
ics.10,11,59,60 Recently, attached eddies with specific length

scales in turbulent channel flows were identified by Cheng
et al.59 using bidimensional EMD. The contributions of these
structures to skin friction generation were quantitatively

evaluated.
Here, the scale decomposition of the turbulent motion is

achieved by employing bidimensional EMD technology to

investigate the contribution of the turbulent fluctuations at dif-
ferent length scales in the interaction region to Cf generation in
STBLI flows. The velocity fluctuations u” and v” in the y-z

plane are decomposed into four EMD modes, which is differ-
ent from that of Cheng et al.59 who decomposed velocity fluc-
tuations in the homogeneous directions (x-z) of channel flows.
Furthermore, different from Tong et al.,24 to have a more com-

prehensive understanding of the skin friction generation char-
acteristics in the STBLI flows, the situation in the
reattachment region is analyzed, and the separation region is

included. In addition, an extra case without flow separation
is conducted to evaluate the effect of the interaction strength
on the results.

Contour maps of the spanwise premultiplied energy spectra
of the original full and decomposed velocity fluctuations as

functions of the spanwise wavelength kþz and y+ at the refer-

ence station are shown in Figs. 13 and 14, respectively. The

energy spectra are calculated from q
�
=q
�
w

� �
kzU, where kz is

the spanwise wavenumber and U is the Fourier spectra of
the velocity fluctuations.

The full spanwise premultiplied energy spectra, together
with the decomposed spectra, are plotted in Fig. 13. The spec-
tra of u” shown in Fig. 13(a) exhibit a primary energy peak

with a spanwise wavelength of kþz � 100 at y+ � 12, which

corresponds to the near-wall high- and low-speed streaks.
The relatively high Reynolds number of Res = 730 gives a sec-

ondary peak with a spanwise wavelength of kþz � 550 at y+

� 120. It is ascribed to the generation of large-scale energy-



Fig. 13 Spanwise premultiplied energy spectra of streamwise velocity fluctuations (a) and wall-normal velocity fluctuati-ons (b) at

reference station. The black lines represent the original DNS case. The green, purple, orange and pink lines represent Modes 1 to 4,

respectively.

Fig. 14 Spanwise premultiplied energy spectra at reference station: (a)-(d) spectra of decomposed streamw-ise velocity fluctuations u00d in
Modes 1 to 4, respectively; (e)-(h) spectra of decomposed wall-normal ve-locity fluctuations v00d in Modes 1 to 4, respectively.
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carried turbulent motion in high Reynolds number flows. For

the spectra of v”, only one primary energy peak with a wave-

length of kþz � 47 at y+ � 108 is seen in Fig. 13(b). Our results

agree well with those of Tong et al.24 Additionally, the decom-

posed results effectively capture the general trend of the entire
spectra. The turbulent fluctuations are separated into four
modes, characterized by different specific spanwise length
scales, which suggests that EMD decomposition is suitable

for scale decomposition.
The spectrum contour maps presented in Figs. 14(a) and (b)

reveal that the spectra of u00d are located within the near-wall

region with a peak at y+ � 12 for Mode 1 and y+ � 15 for

Mode 2 with spanwise length scales of kþz � 60 and kþz
� 130, respectively. Hereafter, the subscript ‘‘d” denotes the
EMD decomposed part of velocity fluctuations, whereas the
spectra of v00d in Modes 1 and 2 are more intense across the buf-

fer layer, and the peak is at y+ � 40–50 with a similar spanwise

length scale as u00d . Cheng et al.59 supported the first and second

EMD modes for u00d to represent the near-wall streaky struc-

tures, while v00d and w00
d represent quasi-streamwise vortices.

Despite the spanwise velocity fluctuations w00
d not being ana-

lyzed in this study, the spectra for the velocity fluctuations in
Mode 3 are located at a higher location with a peak at y+

� 20 for u00d and y+ � 100 for v00d . Similarly, u00d and v00d have

approximately the same peak spanwise wavelength. According
to Cheng et al.,59 the third mode is representative of self-

similar attached eddies at the log layer. The spectral results
in mode 4 show that u00d and v00d are located at the higher region,

and peaks at the wake layer have a common largest length

scale of kþz � 810. Cheng et al.59 have shown that the last mode



Fig. 16 Contributions of Reynolds shear stress shown in Fig. 15

to Cf,T.
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characterizes the Large Structure Motions (LSM) and Very
Large Structure Motions (VLSM) in the wall-bounded turbu-
lent flows. Overall, the decomposed results in our study are

consistent with the results of Cheng et al.59

To further assess the contributions of turbulent fluctuations
to different length scales on the mean skin friction generation,

the corresponding Reynolds Shear Stress (RSS) is calculated
using u00d and v00d. As analyzed above, velocity fluctuations are

separated into four EMD modes. Full velocity fluctuations
have the relations:

u00 ¼ u001 þ u002 þ u003 þ u004
v00 ¼ v001 þ v002 þ v003 þ v004

�
ð6Þ

where the number subscript represents velocity fluctuations in
the corresponding EMD mode. Hence, the Reynolds shear

stress g�u00v00 can be decomposed into 16 components as four
primary parts and 12 cross parts representing interactions
among different scales. These 16 parts of the RSS, the recon-

structed RSS, and the original RSS are plotted in Fig. 15.
The profiles of the original and reconstructed RSS collapse
well with each other, which indicates the correctness of our

EMD analysis. In addition, we find that the four primary parts
dominate at different heights, whereas the 12 cross parts are
almost negligible.

Then, the Cf,T term related to the TKE-production can be

recalculated based on the decomposed RSS components,
which is associated with different-scale motions as

Cf;Ti ¼ 2

q1u31

Z d

0

q
� g�u00mv

00
n

@eu
@y

dy ð7Þ

where the subscripts i = 1, 2, . . ., 16 have the following rela-

tionship with the mode number m and n: i = 4 m + n � 4.
The 16 parts of the contribution computed by 100 � Cf,Ti/Cf,T

% are shown in Fig. 16. The primary parts Cf,T1, Cf,T6, and Cf,

T16 provide the top three contributions to the Cf,T term,
whereas the primary part Cf,T11 is less significant. Moreover,
the cross parts represent interactions between two adjacent

modes, i.e., Cf,T2, Cf,T5, Cf,T7, Cf,T10, Cf,T12, and Cf,T15, which
can provide limited contributions. However, the cross parts
represent interactions between two nonadjacent modes, i.e.,
Cf,T3, Cf,T4, Cf,T8, Cf,T9, Cf,T13, and Cf,T14, which can be

neglected.
Fig. 15 Profile of Reynolds shear stress calculated from decomposed

terms and (b) for cross terms.
In general, the majority of Cf,T have contributions from the
parts associated with the inner structures, including the pri-
mary parts Cf,T1 and Cf,T6, as well as the cross parts Cf,T2

and Cf,T5, which even includes Cf,T7 and Cf,T10. These give a
total contribution of 66.2%. Thus, we believe Cf,T is domi-
nated by near-wall small-scale turbulent motion upstream of

the fully developed TBL. Additionally, secondary contribu-
tions are from Cf,T11, Cf,T12, Cf,T15, and Cf,T16 at 32.6%. It
indicates that large-scale motion at the outer layer and interac-

tions between them with motion within the boundary layer are
significant in high Reynolds number flows. Similarly, Li et al.26

also found a secondary peak at the premultiplied integrands
function of Cf,T when the Reynolds number is up to

Res = 800 when considering the impact of the Reynolds num-
ber on the mean skin friction in compressible channel flows.

The full and decomposed spectra at the separation region

of x = � 0.75 for a = 33.2� are respectively reported in
Figs. 17 and 18. The length scales are normalized by the vis-
cous length scales calculated at the reference station in the fol-

lowing energy spectrum analysis. Two noteworthy phenomena
are observed. First, as shown in Fig. 17(a), the near-wall pri-
mary peak of the energy spectra for u", which is observed at
the upstream TBL, is absent at the separation region. It indi-

cates that the near-wall streak structures are destroyed in the
separation region, consistent with the instantaneous stream-
wise velocity distribution reported in Fig. 6(b). Second, most

energy is concentrated at higher locations with a peak at y+

� 220 (y � 0.3, in the outer scaling) for a larger spanwise
length scale. The outer peak of the energy spectra reflects the
velocity fluctuations g�u00dv
00
d=u

2
s at reference station, (a) for primary



Fig. 17 Spanwise premultiplied energy spectra of streamwise velocity fluctuations (a) and wall-normal velocity fluctuations (b) at

x = � 0.75 for a = 33.2�. The black lines represent the original DNS case, and the green, purple, orange, and pink lines represent Modes

1 to 4, respectively.

Fig. 18 Spanwise premultiplied energy spectra at x = � 0.75 for a = 33.2�: (a)-(d) spectra of decomposed streamwise velocity

fluctuations u00d in Modes 1 to 4, respectively; (e)-(h) spectra of decomposed wall-no-rmal velocity fluctuations v00d in Modes 1 to 4,

respectively.

188 J. DUAN et al.
characteristics of the intense velocity fluctuations within the
detached shear layer.

The energy spectra of u00d and v00d plotted in Fig. 18 show that

the peak locations for four modes are ruleless, which is differ-

ent from the upstream TBL. The appearance of recirculation
flows greatly increases the complexity of turbulence in the
wall-normal direction, but it can be seen that the peak location

is approximately at the same height. Moreover, we find that
the characteristic wavelengths for each mode differ from each
other and gradually increase.

As shown in Fig. 19, the RSS amplitude at the separation
region for a = 33.2� is amplified approximately two times that
of the upstream TBL. The turbulence amplification phe-
nomenon in the interaction region is one of the primary char-
acteristics of STBLI flow, which is generally observed via

numerical simulations and experimental research.36,53,61,62

Research on the characteristics of RBL by Tong et al.24,25 indi-
cates that turbulent motion is associated with the TKE-

production term Cf,T and plays an important role in Cf gener-
ation in STBLI flows. Section 3.2 shows that the magnified
turbulence contributes greatly to the generation of Cf through

the mean skin friction decomposition analysis, regardless of
whether flow separation occurs. In Fig. 19, the original RSS
is dominated by the four primary parts, while the 12 cross
parts are relatively insignificant. The peak of the four primary

parts is approximately at the same height, consistent with the



Fig. 19 Profile of Reynolds shear stress as calculated from decomposed velocity fluctuations g�u00dv
00
d=u

2
s at x = � 0.75 for a = 33.2�, (a)

for primary terms and (b) for cross terms.
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observation of energy spectra. Notably, the fourth primary

part occupies most of the original RSS at a greater height
far from the wall surface.

The 16 parts that contribute to the Cf,T term as calculated

from the decomposed RSS are plotted in Fig. 20. The parts
associated with small-scale structures are dominated at the
upstream TBL, involving the primary parts Cf,T1 and Cf,T6,

as well as the cross parts Cf,T2 and Cf,T5, but are not prominent
in the separation region with a total contribution of only about
19.7%. In contrast, the parts associated with large-scale struc-

tures dominate. Even the single part Cf,T16 makes up 38%, and
the total contributions of the parts associated with large-scale
motion, including the primary parts Cf,T11 and Cf,T16 and cross
parts Cf,T12 and Cf,T15, reach 65.4%. Therefore, we believe that

the intense fluctuations within the detached shear layer, gener-
ally considered with large spanwise length scales,63 dominate
the Cf,T term contributions in the separation region. The con-

tributions of small-scale motions within the separation bubble
are relatively limited.

We show the spanwise premultiplied energy spectra of the

original and EMD decomposed velocity fluctuations at the
reattachment region of x = 8.43 for a = 33.2� in Figs. 21
and 22, respectively. The spectra for u” and v” are shown as

black lines in Fig. 21 with both primary peaks located at a
higher position of y+ � 275. The secondary peaks appear in
the near-wall region, which resembles the primary peaks at
the upstream TBL and suggests they are regenerated wall-
Fig. 20 Contributions of Reynolds shear stress shown in Fig. 19

to Cf,T.
bounded vortical structures. However, the difference between

the downstream RBL and upstream TBL is that the energy
is concentrated primarily at the outer layer with a relatively
large spanwise length scale instead of at the near-wall region

with a small scale.
The spectra of the velocity fluctuations in the EMD modes

are given in Fig. 22. For the streamwise velocity fluctuations,

the characteristics (including the peak height and most
energy-carried wavelength) of the first two modes at the reat-
tachment region are similar to those at the TBL. We consider

that the first two modes still represent the near-wall streak
structures shown in Fig. 6(b), but these structures are regener-
ated and closer to the wall with smaller length scales. Modes 3
and 4 are more complex. As analyzed previously, Mode 3 at

the upstream TBL represents the self-similar attached vortices
at the log layer, and we believe that this may be available at the
reattachment region. However, the higher energy-carried spec-

tra span crosses a large region in the wall-normal direction and
extends up to y+ � 260. A similar situation is found in mode 4.
Thus, we believe that the streamwise velocity fluctuations

captured by Modes 3 and 4 are not only regenerated attached
vortices but also include large-scale motion as convected from
the upstream interaction region. Such energy-spanned phe-

nomena are stronger for the wall-normal fluctuations shown
in Figs. 22(e)-(h). Additionally, the most energy-carried wave-
lengths for different modes are separated as shown in Fig. 21.

The decomposition of the RSS and their contributions to

Cf,T term at x = 8.43 are shown in Figs. 23 and 24, respec-
tively. The RSS reaches a peak value at a relatively high loca-
tion of y+ = 300 (y = 0.4 in the outer scaling) at the

reattachment region. It agrees well with the primary peak of
the energy spectra in the outer layer shown in Fig. 21, which
further supports the appearance of large-scale vortices in the

outer layer. Moreover, the fourth primary part occupies most
of the original distribution, which results in the single part Cf,

T16 contributing to 53.1% of Cf,T. However, the total contribu-
tions of the primary parts Cf,T1 and Cf,T6, and cross parts Cf,T2

and Cf,T5, which represent the near-wall small-scale structures,
only occupy 18.7%. In summary, consistent with studies of the
RBL conducted by Tong et al.,24 motion with large-scale

length scales in the outer plays the primary role in contributing
to the Cf,T term at the reattachment region, while the contribu-



Fig. 21 Spanwise premultiplied energy spectra of streamwise velocity fluctuations (a), and wall-normal velocity fluctuations (b) at

x = 8.43 for a = 33.2�. The black lines represent the original DNS case, and the green, purple, orange, and pink lines represent Modes 1

to 4, respectively.

Fig. 22 Spanwise premultiplied energy spectra at x = 8.43 for a= 33.2�: (a)-(d) spectra of decomposed streamwise velocity fluctuations

u00d in Modes 1 to 4, respectively; (e)-(h) spectra of decomposed wall-normal velocity fluctuations v00d in Modes 1 to 4, respectively.
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tions of the near-wall small-scale structures are limited. It con-
trasts with the upstream TBL, where contributions of the

motion with small scales in the near-wall region dominate.
Finally, we consider a = 28� at the same station as ana-

lyzed in the reattachment region to compare the effects of flow

separation on the skin friction generation. The spanwise pre-
multiplied energy spectra for the full and decomposed velocity
fluctuations beneath the boundary layer downstream of the

incident shock are shown in Figs. 25 and 26, respectively. Note
that there are 19 contour levels of the spectra shown in Figs. 14,
18, 22, and 26 ranging from 10% to 100% of their maximum
values. The RSS profile, including the original and decom-

posed components, and its contribution to the Cf,T term are
plotted in Figs. 27 and 28, respectively.
As shown in Figs. 25–28, the characteristics at this station
are similar to those at the upstream TBL. However, there

are two points worth noting. First, the outlines of the plotted
spectra are similar to those at the upstream TBL, as shown in
Fig. 25. For streamwise velocity fluctuations, the near-wall pri-

mary peak is nearly unaffected, while the secondary peak is
stronger and located at a much higher position with a larger
length scale. It results in the corresponding changes in the

fourth mode. It is plausible that the outer large-scale structures
tend to be influenced by the incident shock compared with the
inner small-scale turbulence. Second, the maximum value of
the RSS is slightly less than that at the upstream TBL, but

its trend remains flat across a large region between y+ � 30–
160. Cf,T16 gives the greatest contribution to the Cf,T term at



Fig. 23 Profile of Reynolds shear stress as calculated from decomposed velocity fluctuations g�u00dv
00
d=u

2
s at x = 8.43 for a = 33.2�, (a) for

primary terms and (b) for cross terms.

Fig. 24 Contributions of Reynolds shear stress shown in Fig. 23

to Cf,T.
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up to 26.4% at the downstream boundary layer, which is dif-
ferent from the upstream TBL where Cf,T1 provides the great-

est contribution at up to 23.2%.
Contributions from near-wall small-scale structures, as rep-

resented by the sum of parts Cf,T1, Cf,T2, Cf,T5, and Cf,T6,

reduce from 56.1% at the upstream TBL to 44% at the down-
stream boundary layer. Contributions from the large-scale
Fig. 25 Spanwise premultiplied energy spectra of streamwise velocity

for a = 28�. The black lines represent the original DNS case, and t

respectively.
structures in the outer layer, denoted by the sum of parts Cf,

T11, Cf,T12, Cf,T15, and Cf,T16, increase from 32.5% at the
upstream TBL to 44.2%. Cf,T is no longer contributed domi-
nantly by near-wall structures but jointly by the inner and

outer structures, which is different from the situation in the
reattachment region as analyzed in the previous section. How-
ever, we recall that the Cf,T term increases by 13.3%

at x = 8.43, as analyzed in Section 3. The absolute contribu-
tion of the inner small-scale structures to Cf remains nearly
constant, but the absolute contribution from the outer large-

scale structures is greatly increased. In general, the contribu-
tions of the inner and outer structures are comparable to
a = 28�, which differs from a = 33.2� at which the outer
motions dominate Cf generation.

The decomposed results at the same station downstream of
the interaction region differ for both cases. In the separated
case, large-scale structures are generated within the interaction

region through various instabilities, including Kelvin-
Helmholtz and centrifugal instabilities, which contribute
greatly to the Cf,T term generation. Such large-scale structures

can rarely be observed in the attached case, as shown in Fig. 9
(b), and the contributions of the related term are dramatically
fluctuations (a), wall-normal velocity fluctuations (b) at x = 8.43

he green, purple, orange, and pink lines represent Modes 1 to 4,



Fig. 26 Spanwise premultiplied energy spectra at x = 8.43 for a = 28�: (a)-(d) spectra of decomposed streamwise velocity fluctuations

u00d in Modes 1 to 4, respectively; (e)-(h) spectra of decomposed wall-normal velocity fluctuations v00d in Modes 1 to 4, respectively.

Fig. 27 Profile of Reynolds shear stress calculated from decomposed velocity fluctuations g�u00dv
00
d=u

2
s at x = 8.43 for a = 28�, (a) for

primary terms and (b) for cross terms.

Fig. 28 Contributions of Reynolds shear stress shown in Fig. 27

to Cf,T.
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reduced. In addition, both the Cf,T term and contributions of
the outer large-scale motions to the Cf,T term at the down-
stream boundary layer are greater than those at the upstream

TBL, which is attributed to the effects of turbulence amplifica-
tion. Thus, the decomposition results between the two cases at
the same downstream station are distinct.

4. Conclusions

The mean skin friction evolution characteristics of supersonic

shock wave/turbulent boundary layer interactions are investi-
gated using data from the DNS of incident shock waves with
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two different incident angles of 33.2� and 28� that interact with
a spatially developing boundary layer at Ma1 = 2.25 and
Res = 728. The concluding remarks are given below.

(1) The ensemble-averaged results reveal that the distribu-
tions of Cf throughout the interaction region between

the two shock angle cases are distinct. For a = 33.2�,
Cf gradually recovers at the reattachment region and
requires at least 7.4dref to retain the same level as the

upstream TBL. For a = 28�, the TBL remains attached
when crossing the incident shock, and Cf quickly recov-
ers within 1dref.

(2) The mean skin friction Cf in STBLI flows is decomposed

into a viscous dissipation term Cf,V, TKE-production
term Cf,T, and flow spatial growth term Cf,G using the
decomposition method proposed by recent research.

The decomposition results indicate that the contribu-
tions of Cf,V are limited in the case of flow separation,
but it still plays an important role when the boundary

layer remains attached. The contributions of Cf,T are
strengthened in both cases. The maximal magnification
factor for a = 33.2� is 4.75 in the separation region

and is about 2–3 in the reattachment region. The maxi-
mal magnification factor for a = 28� is approximately
1.6 near the shock incident point and 1.1–1.4 down-
stream of the interaction region. To counter the dramat-

ically enhanced Cf,T term, the absolute value of Cf,G is
increased in the case of flow separation, which can neg-
atively contribute to Cf generation.

(3) Bidimensional EMD technology is employed to separate
turbulent motion within the interaction region into four
modes, characterized by specific spanwise length scales,

to investigate further the contributions of different scale
motions to the Cf,T term in STBLI flows. For the fully
developed TBL, the contributions of inner small-scale

motion are dominant, while those of large-scale motion
are much weaker. The energy-carried structures with a
large spanwise length are observed in the detached shear
layer and at the outer layer of the RBL, and their con-

tributions occupy the vast majority of the Cf,T term gen-
eration. Those from the inner small-scale structures can
be neglected. However, such large-scale structures are

absent in the attached case, dramatically reducing their
contributions. Even so, the outer and inner motions
are equally important, possibly because of the turbu-

lence amplification phenomena.
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