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ABSTRACT

Large eddy simulations of shock wave/turbulent boundary layer interaction on a compression ramp at the Mach number Ma1 ¼ 5 and
Reynolds number Re1 ¼ 14 000 are performed to investigate the impact of the incipient and fully separated conditions on the development
of the flow field. The quasi-dynamic subgrid-scale kinetic energy equation model, which combines the benefits of the gradient model with
the eddy-viscosity model, has been applied. Compared with the previous experimental and numerical results, the simulation was validated.
The flow structures, turbulence properties, vortex structures, and low-frequency unsteadiness are all investigated. The flow field of the incipi-
ent separation is attached and rarely impacted by shock. An evident separation bubble and localized high wall temperatures in fully separated
flow are caused by the separation shock’s significant reverse pressure gradient. The Reynolds stress components exhibit significant amplifica-
tion in both cases, and the peak outward shifts from the near-wall region to the center of the free shear layer. Turbulent kinetic energy terms
were analyzed, and the two scenarios show a significant difference. The power spectral density of the wall pressure fluctuations shows that
the low-frequency motion of the incipient separation is not apparent relative to the fully separated flow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0147829

I. INTRODUCTION

Shock wave/turbulent boundary layer interaction (STBLI)
widely exists in the internal and external flow of aircraft, missiles,
rockets, and other related weapon projectiles. It will cause flow
separation, strong pressure fluctuations, and local peak heat flow
in the flow field, affecting the aerodynamic performance of the air-
craft.1 In the past few decades, many researchers have carried out
theoretical, experimental, and numerical research on the STBLI
and achieved very significant results.2–8 However, many problems
still need to be fully solved, such as the mechanism of low-
frequency unsteadiness of STBLI, the overshoot of the skin-friction
coefficient, and the turbulence amplification.9,10 Therefore, it is
essential to study the STBLI problem further.

The strong reverse pressure gradient due to the strong shock
wave interaction will cause the flow field to separate, thereby changing
the flow state. Simpson divides the separation flow into incipient
detachment (ID), intermittent transitory detachment (ITD), transitory
detachment, and detachment based on the fraction of time that the

flow moves downstream.11,12 Wu and Mart�ın13 performed direct
numerical simulation (DNS) studies of a Mach number of 24� com-
pression corner to analyze the shock motion in fully separated flow.
The results show that the shock and spanwise mean separation point
undergo low-frequency unsteadiness. Tong et al.14 studied the turning
angle effects of compression corner by turbulent kinetic energy (TKE)
budgets and found that the influence of shear layer above the separa-
tion bubble on the mechanism is significant. John and Kulkarni15

studied the effect of leading edge bluntness ramp interaction. The lam-
inar boundary layer results show that the increase in separation bubble
size has been observed with an increase in the leading edge radius until
the “inversion radius.”Duan et al.16 investigated the shock interactions
at two different heights between the compression and decompression
corners. The results show that the size of the separation region is
significantly decreased in the lower case. Xie et al.17 studied the
characteristics and its variation with Reynolds number in expansion—
compression corner. Zhang et al.18 conducted a DNS of swept
compression ramp STBLI. They found that the spanwise variation of
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the shock wave inclination induced the peak friction and heating
increase along the spanwise direction.

The low-frequency unsteadiness of shock is also a critical prob-
lem in STBLI. Beresh et al.19 used particle image velocimetry (PIV) to
study the compression corner configuration at Mach 5, and they
believe that a fuller velocity profile will increase the resistance to sepa-
ration, resulting in a reduction in separation bubble and ultimately
causing the separation shock move downstream. Ganapathisubramani
observed elongated streamwise strips of uniform low and high speed
fluid with length greater than 8d in the Mach 2 turbulent boundary
layer near-wall region, namely “superstructures.”20 Their subsequent
work suggested that the superstructures may be responsible for the
low-frequency unsteadiness.21 Pirozzoli and Grasso22 suggested that
an acoustic feedback mechanism in the interaction may cause low-
frequency unsteadiness. Piponniau et al.23 proposed a mechanism
based on the shear layer entrainment of fluids. The dynamic mode
decomposition (DMD) analysis results of Priebe et al.24 suggest that
G€ortler vortices may be responsible for the unsteady motion of separa-
tion shock. Waindim et al.25 found that the shedding of the Kelvin–
Helmholtz structure is closely related to the collapse of the separation
bubble, supporting the separation flow driven by the low-frequency
unsteadiness. Hu et al.6,26 used large eddy simulation (LES) to study
the low-frequency unsteady motions of the backward-facing step and
forward-facing step, and they found that the G€ortler-like vortices are
strongly correlated with the low-frequency unsteadiness. Li et al.27

proposed a new method for judging the G€ortler vortices.
Recently, scholars have also made progress in other unsolved

problems. Combs et al.28 used experiments to investigate STBLI at dif-
ferent Mach numbers. Proper orthogonal decomposition (POD)
results show that low Mach numbers have higher energy in low-order
modes, while high Mach numbers have a more uniform energy distri-
bution. They also reproduced the entire shock breathing cycle by
DMD analysis. Zhou et al.29 investigated the separation vortex in the
swept STBLI by experiments and numerical simulation. The results
show that the Mach number has little effect on the height of the sepa-
ration vortex core but has a greater effect on the size of the separation
vortex and the growth rate of the separation vortex intensity. Tonicello
et al.30 studies the large-scale kinetic energy equation. Based on such
equations, they performed a 24� compression/expansion ramp STBLI.
They found that the compression motions can promote the forward
transfer of kinetic energy down the energy cascade, whereas expansion
regions are more likely to experience a backscatter of kinetic
energy. Shi and Yan31 proposed that the main reasons for the turbu-
lence amplification are the shear effects and the flow deceleration/
acceleration. Tong et al.7,32–34 studied the wall heat flux and the skin
friction through decomposition, and they found that the shock inter-
action will amplify the large scale structures in the outer region. Jiang
et al.35 used Helmholtz decomposition to study the effect of compress-
ibility in STBLI. Lai et al.36 identified the effects of shock impingement
on the behavior of bump flow. Guo et al.37 applied convergent–
divergent riblets to control the STBLI.

Previous scholars have achieved many results in the STBLI.
However, there are fewer studies on incipient separation and fully sep-
arated flow in hypersonic. Therefore, this paper will study the effect of
incipient and fully separated conditions on STBLI. The remainder of
this paper is organized as follows: The simulation methods are briefly
described in Sec. II. Section III analyzes the results with an emphasis

on flow characteristics and turbulence properties. The conclusions are
presented in Sec. IV.

II. SIMULATION METHODS

The compressible Navier–Stokes equation after filtering takes the
form

@�q
@t

þ @�qeuj

@xj
¼ 0; (1)

@�qeui

@t
þ @�qeuieuj

@xj
¼ � @�p

@xi
þ @er ij

@xj
� @sij

@xj
; (2)

@�qeE
@t

þ @ �qeE þ �p
� �euj

@xj
¼ � @eqj

@xj
þ @erijeui

@xj
� @CpQj

@xj
� @Jj
@xj

; (3)

where

�p ¼ �qReT ; (4)

sij ¼ �q guiuj � euieuj
� �

; (5)

erij ¼ 2l eTð Þ eSij � 1
3
dijeSkk� �

; (6)

eSij ¼ 1
2

@eui

@xj
þ @euj

@xi

 !
; (7)

l ¼ 1
Re

eTeT1

 !3=2 eT1 þ 110:3eT þ 110:3
; (8)

�qeE ¼ �qCveT þ 1
2
�qeuieui þ �qksgs; (9)

�qksgs ¼ 1
2
�q guiui � euieuið Þ; (10)

eqj ¼ Cpl eTð Þ
Pr

@eT
@xj

; (11)

Qj ¼ �q fujT � eujeT� �
; (12)

Jj ¼ 1
2
�q guiuiuj �guiuieuj
� �

: (13)

The compressible subgrid-scale (SGS) kinetic energy equation
can be written as

@�qksgs
@t

þ @�qksgseuj

@xj
¼ �PD � @Jj

@xj
� es � ed

þPp þ
@fj
@xj

þ
@ l eTð Þ @ksgs

@xj

" #
@xj

; (14)

where

PD ¼ sij
@eui

@xj
; (15)

es ¼ 2l eTð Þ gSijDij � eSij
fDij

� �
; (16)

Dij ¼ @ui
@xj

� 1
3
dij

@uk
@xk

; (17)
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; (18)
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@uk
@xk
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@euk

@xk
; (19)

fj ¼ sijeui þ l eTð Þ @

@xi

sij
�q

� �
þ RQj: (20)

The spatial filtering with a low-pass filter at scale D of a generic
variable u is denoted as �u, and the corresponding density-weighted
(Favre) filtering eu (eu ¼ qu=�q). The q, ui, p, T, rij, and E are the den-
sity, velocity, pressure, temperature, viscous stress, and total energy,
respectively. The Pr is the molecular Prandtl number, the l is the
molecular viscosity, and R is the specific gas constant. The ksgs, sij, Qj,
qj, Jj, PD; es; ed; andPp are the subgrid-scale (SGS) kinetic energy,
the SGS stress, the SGS heat flux, the heat flux, the SGS diffusion term,
the SGS energy flux, the solenoidal dissipation, the dilatational dissipa-
tion, and the pressure dilatation, respectively.

A quasi-dynamic subgrid-scale kinetic energy equation model
(QKM) has been applied, which combines the merits of the eddy-viscosity
model and the gradient model, and the local coefficients of the model are
determined dynamically. Many simulations demonstrate the model’s
strong numerical robustness and excellent accuracy, including those of
compressible turbulent channel flow, compressible flat-plate boundary
layer, and spherical converging Richtmyer–Meshkov instability.38

In QKM, the SGS stress can be expressed as

smod
ij ¼ �2Csm�qD

2jeSjeSij þ 2
3
dij�qksgs; (21)

where

jeSj ¼ ffiffiffiffiffiffiffiffiffiffiffiffi
2eSijeSijq

; (22)

Csm ¼ �
C0D

2
k�q

@eui

@xk

@euj

@xk
� 2
3
dij�qksgs

� �eSij
2�qD2jeSjeSijeSij ; (23)

C0 ¼ 2ksgs

D2
l
@euk

@xl

@euk

@xl

: (24)

The SGS heat flux can be expressed as

Qmod
j ¼ � lsgs

Prsgs

@eT
@xj

; (25)

where Prsgs is the SGS Prandtl number, and it can be solved in the
QKM as

Prsgs ¼ �

@
lsgs
�q

@eT
@xj

 !
@xj

@ C0D
2
k

@euj

@xk

@eT
@xk

 !
@xj

: (26)

The pressure diffusionPp can be modeled as

Pp � C0D
2
m

@�p
@xm

@2euk

@xm@xk
: (27)

The solenoidal dissipation es can be modeled as

es ¼ 2C0D
2
kl eTð Þ @eSij

@xk

@fDij

@xk
: (28)

The dilatational dissipation ed can be modeled as

ed � 5
3

@

@xj
C0D

2
l l eTð Þ @euj

@xl

@2euk

@xk@xl

	 

: (29)

A. Mesh and computational domains

Many researchers have studied the incipient separation mecha-
nism in STBLI.39–46 They found that the incipient separation at the
compression corner is a gradual rather than an abrupt phenome-
non.39,40 Also, it is challenging to ascertain the incipient separation
angle because doing so will result in different incipient separation
angles when employing various experimental detection techniques.41

Furthermore, the wall temperature, Mach number, and Reynolds
number may influence the incipient separation angle.44–46 Concerning
the Mach 2.9 experiment, Settles et al.39 found that the corner angle
for incipient separation lies within a range of 15�–18�. In contrast,
Babinsky and Edwards41 found a reversed flow in the corner when
cylindrical flare angles of 10� and higher in the Ma5 experiment were
present. When the Reynolds number is between 104 and 107 and the
Mach number is 2.9, the incipient separation angle for an adiabatic
wall is between 6:5� and 12�.42 In comparison, the effect of wall cool-
ing was to raise the angle of incipient separation.43 In general, giving a
definite incipient separation angle is very difficult. However, according
to the above conclusions, we can provide an angle that falls within the
range of the incipient separation angle. Hence, based on the previous
conclusions and combined with the current parameters, the present
work selects 14� and 34� to represent the incipient and fully separated
flow, respectively. The contours of mean streamwise velocity fields and
the incipient and fully separated flow based on Simpson’s criterion
support the current configuration, as will be described later.

The computational domain of the 34� compression corner is
sketched in Fig. 1, where the corner position is the origin of the coordi-
nates. Note that x, y, and z represent the streamwise, wall-normal, and
spanwise directions, respectively, and u, v, and w represent the velocity
components in these three directions. The inlet of the computational
domain is a laminar boundary layer, which is obtained by numerical
simulation of the two-dimensional flat laminar boundary layer under
the same inflow conditions. In order to make a fast transition from the
laminar flow to turbulent flow, we apply the wall blowing and suction
disturbance in the upstream flat plate xa to xb. Figure 2 shows a 2D
grid schematic in the x–y plane, where the x and y directions are
shown at ten grid point intervals. We use the algebraic analysis
method to generate the grid. The x-direction grid is uniformly dense
in the corner area, the y-direction grid is hyperbolically stretched to
increase the resolution, and the z-direction grid is uniformly distrib-
uted. Detailed mesh information is shown in Table I.

For the first case, the compression corner is 14�, and the compu-
tational mesh is 1930� 240� 260 in the streamwise, wall-normal,
and spanwise directions, respectively. For the second case, the
compression corner is 34�, and the mesh is 2500� 400� 300. The
computational domain for both cases is Ly ¼ 55mm in the wall-
normal direction and Lz ¼ 24mm in the spanwise direction. The grid
space in the streamwise, wall-normal, and spanwise directions are also
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shown in Table I, in which all grid spaces are normalized by the wall
unit at x ¼ �100mm (the corner inlet plane). The Dyþw represents the
first grid above the wall in the wall-normal direction, and Dyþd repre-
sents grid space at the edge of boundary layer.

B. Numerical methods and simulation parameters

The Mach number of the incoming free-stream flow is
Ma1 ¼ 5. The incoming free-stream Reynolds number per unit milli-
meter is Re1 ¼ 14 000, the freestream temperature is T1 ¼ 79K, and
the wall temperature Tw ¼ 294K. The subscript “1” refers to the
quantity in the free-stream flow.

The filtered Navier–Stokes (N–S) equations for compressible
flows in LES [Eqs. (1)–(3)] is used. To enhance the robustness of the
program and reduce nonphysical oscillations, we first converted the

numerical flux into characteristic space and then performed Steger-
Warming split on the flux in characteristic space.47 The inviscid terms
are solved using a hybrid scheme with a modified Jameson shock sen-
sor, an excellent way to solve complex problems.48 The form of modi-
fied Jameson sensor is as follows:

/i ¼
j � pi�1 þ 2pi � piþ1j
pi�1 þ 2pi þ piþ1

;

/j ¼
j � pj�1 þ 2pj � pjþ1j
pj�1 þ 2pj þ pjþ1

;

/k ¼
j � pk�1 þ 2pk � pkþ1j
pk�1 þ 2pk þ pkþ1

;

h ¼ /i þ /j þ /k:

(30)

The thresholds are set h1 and h2. When h � h1, it means the flow is
smooth and sixth-order upwind scheme is used; when h1 � h � h2,
it means the flow has weak discontinuities, and the seventh-order
weighted essentially non-oscillatory (WENO) is used; when h � h2, it
means the flow has strong discontinuities, and shock waves, so the
fifth-order WENO is used. In this paper, we set h1 and h2 as 0.02 and
0.1, respectively. The viscous flux terms are solved using an eighth-
order central difference scheme. After all the spatial terms are solved,
the third-order Runge–Kutta method is used for the temporal integra-
tion.49 In this paper, the high-order finite-difference code (OpenCFD-
SC) developed by Li is used.50 Moreover, this code has been widely
used in compression ramp and incident shock/wave boundary layer
interaction, which shows high accuracy and reliability.51,52

C. Validation of incoming turbulent boundary layer

Figure 3 shows the van Direst transformed mean streamwise
velocity in the corner inlet. The transformed velocity Uþ

vd conforms to

FIG. 1. Computational domain of 34� compression corner. The flow configuration is illustrated using the contour of the density q=q1 in the x–y plane at z¼ 0. The wall blow-
ing and suction region are highlighted by the contour of the wall-normal velocity v between xa and xb. The corner inlet plane is denoted as reference point.

FIG. 2. Computational mesh of 34� compression corner in the x–y plane where the
x direction and y direction are shown at ten grid points intervals.

TABLE I. Grid space for both cases.

Case Grid Dxþ Dyþw Dyþd Dzþ

14� 1930� 240� 260 12.37 0.62 5.96 5.71
34� 2500� 400� 300 9.27 0.37 3.58 4.93
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the linear distribution law in the region of the viscous bottom layer, in
the logarithmic law region in line with the logarithmic distribution law
�Uþ
vd ¼ 2:44 log ðyþÞ þ 5:1. The transition region and the wake region

are also clear.
Figure 4 shows the distribution of the root mean square of the

three velocity components along the wall-normal direction in the cor-
ner inlet, which can show the intensity of turbulent fluctuation. Based
on Morkovin’s hypothesis, we use wall friction velocity and density to
the dimensionless turbulent fluctuation. The current results are in
good agreement with previous incompressible results,53,54 and the fluc-
tuation intensity in the three directions in the near-wall region has a
strong anisotropy, demonstrating the accuracy of the current LES
results.

III. RESULT
A. Flow visualization

According to the definition of Simpson,12 the fraction of time
that the flow moves downstream cu can be used to illustrate the degree
of separation of the flow field. When cu ¼ 0:01, it means that the flow
is incipient detachment (ID); when cu ¼ 0:2, it is intermittent transi-
tory detachment (ITD); when cu ¼ 0:5, it is transitory detachment
(TD); when cu > 0:5, it can be considered as detachment (D).
Figure 5 shows the distribution of cu along the streamwise direction at
the wall. For the case of 34�, cu in most areas of the interaction zone is
greater than 0.5, meaning that the flow has separated. It can be seen
that the peak of cu is greater than 0.5 for the case of 14�, which is a
normal phenomenon. Since the Simpson criterion is defined based on
the fraction of time that the flow moves downstream, there is a certain
probability that the incipiently separated flow field is separated at the
corner point while remaining attached elsewhere. Settles et al.39

pointed out that some tiny separated regions are always present, even
for very low corner angles. So it is normal to have the likelihood of
separation at the corner point. It can also be seen from the skin friction
coefficient in Fig. 7 that the separation bubble of the 14� is tiny, which

indicates that the currently selected angle is reliable. Figure 6 also
shows the contours of mean streamwise velocity fields. It can be seen
that the incipiently separated flow field is attached, while the fully sep-
arated flow field has an obvious separation bubble. Therefore, in the
following discussion, we use incipiently separated and fully separated
flow to represent these two cases.

The streamwise distributions of mean wall pressure and skin fric-
tion coefficient are shown in Fig. 7. The wall pressure first rises sharply
due to the separation shock, followed by a plateau due to the separa-
tion of the flow, and further rises downstream due to the reattachment
shock. When comparing the pressure distribution of the incipient and
fully separated flow, it can be shown that the incipient separation case
has a smaller separation bubble, which results in a smaller pressure
plateau than the fully separated case. This phenomenon can also be
seen in the distributions of skin friction. The overshoot of wall pres-
sure and skin friction of fully separated flow is larger than that of
incipient separation.

FIG. 3. Van Driest transformed mean streamwise velocity in the corner inlet.

FIG. 4. Profiles of density-weighted turbulence intensities of three velocity fluctua-
tion components for the two cases: (a) incipient separation and (b) fully separated
flow.
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Figure 8 shows the instantaneous temperature contours of the
midspan under the two conditions. The fully developed turbulent
produces shock waves due to the existence of corner, and the shock
wave causes a sudden change in downstream temperature. A local
high temperature zone appears in the interaction zone. For the
incipiently separated flow, the temperature in the boundary layer
of the interaction zone is smaller, and there is almost no separation
in the flow field. For the fully separated flow, the separation shock
moves upstream, the shock intensity enhances simultaneously, and
there is an obvious separation bubble in the flow field. In the
downstream reattachment region of the fully separated flow, there
is also a local peak wall temperature phenomenon, which will
endanger the spacecraft and is one of the problems that the aca-
demic community is committed to solving.

Figure 9 shows the map of instantaneous numerical density
schlieren for the two cases. The density schlieren map is obtained by

FIG. 7. Distributions of (a) mean wall pressure and (b) skin friction coefficient for
the two cases.

FIG. 5. The distribution of cu along the streamwise direction at the wall.

FIG. 6. Contours of mean streamwise velocity fields in the x–y plane for the two
cases: (a) incipient separation and (b) fully separated flow.

FIG. 8. Contours of instantaneous temperature contours in the midspan (z¼ 12)
for the two cases: (a) incipient separation and (b) fully separated flow.
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calculating the density gradient, where a larger density gradient indi-
cates that the flow is more compressive. We characterize the density
gradient in the flow by employing the variable Ns, which is defined as
follows:

Ns ¼ 0:8 exp �10
jrqj � jrqjmin

jrqjmax � jrqjmin

 !
: (31)

The flow upstream of the corner exhibits ups and downs due to the
raised hairpin vortex’s slow expansion and breakup. Around the cor-
ner, the shock foot of the main shock penetrated the outer edge of the
turbulent boundary layer and weakened into compression waves.
After the flow passes through the main shock, the compressibility rises
quickly in both cases.

The contours of instantaneous skin-friction coefficient distribu-
tion are given in Fig. 10. The fully separated flow shows that the skin-
friction structures are homogeneously distributed upstream of the
corner with streamwise elongated streaky structures. The streaky
structures in the separation region are broken due to the significant
reverse flow. After reattachment, the streaky structures recover again

and exhibit a spanwise alternation of high and low velocity structure,
which previous studies suggest may be related to the G€ortler-like vorti-
ces.6,24 For the incipient separation case, since the flow is less disturbed
by the shock, the flow field is almost not separated, so the streaky
structures are almost not broken, and the downstream reattachment
zone is less affected.

B. Turbulence properties

To reveal the effect of incipient and fully separated on turbulence
evolution, we further discuss turbulence properties in terms of
Reynolds stress tensor components and turbulent kinetic energy trans-
port equation at different streamwise locations.

Figure 11 shows the contours of the Favre averaged Reynolds

stress components
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u00u00f gp

;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v00v00f gp

;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w00w00f gp

, where �f g
denotes the Favre average and the double prime 00 denotes the turbu-
lent fluctuations with respect to the Favre average. Across the interac-
tion zone, the streamwise turbulence amplified sharply, and the peak
is more than twice that of the upstream undisturbed region. For the
case of incipient separation, the peak of the turbulence amplification is
mainly concentrated at the corner, and the turbulence amplification
gradually decreases not far downstream of the corner. Compared with
incipient separation, the turbulence amplification range of fully sepa-
rated flow is expanded at least twice, and the peak appears in x¼ �20.
As it develops downstream, the peak gradually decreases and moves
out of the boundary layer. As it develops further downstream, the tur-
bulence amplification gradually decreases to the level of the upstream
undisturbed region. This phenomenon is consistent with the results of
Fang et al.,55 who pointed out that the main feature of Reynolds stress
components amplification is the outward shift of the peak from the
near-wall region to the core of the free shear layer or mixing layer. The
contours show a greater difference in v00rms. For the case of incipient
separation, the peak occurs at the base of the main shock, and there is
a small amplification in the near-wall region starting from x ¼ �19,
which continues downstream of the corner. The amplification range
becomes larger near the corner region. Two local peaks occur in the
contours of v00rms of fully separated flow, one occurs in the near-wall
region near the separation point, and the other coincides with the

FIG. 9. Instantaneous numerical density schlieren for the two cases: (a) incipient
separation and (b) fully separated flow.

FIG. 10. Contours of instantaneous skin-friction coefficient distribution for the two
cases: (a) incipient separation and (b) fully separated flow.
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main shock. The first peak moves from the near-wall region to the free
shear layer as it develops downstream, with the same trend as u00rms.
The second peak is at the center of the main shock, and the amplifica-
tion decreases gradually from the center along the shock outward. The
w00
rms of incipient separation without significant amplification. For fully

separated flow, the trend of the w00
rms is the same as u00rms, but the inten-

sity weakens.
In Fig. 12, the profiles of Reynolds stress components R11

¼ hqu00u00i; R22 ¼ hqv00v00i; R33 ¼ hqw00w00i along the wall-normal
direction at different positions are shown, where h�i is the Reynolds
averaging, and prime 0 denotes the turbulent fluctuations with respect
to the Reynolds average. The results exhibit similarities with previous
findings.56–59 For the case of incipient separation, when at the corner,
R11 increases significantly, and the peak is slightly shifted out of the
boundary layer, and when reaching the downstream reattachment
boundary layer, R11 shows a double-peaked structure. The R22 and R33

show the same trend at the upstream undisturbed region and the cor-
ners, but after reattachment, R22 slowly increases and peaks in the
outer zone. In contrast, R33 increases rapidly to peak within the
boundary layer. At the outer edge of the boundary layer, there is a
spike in R22, which may be caused by the penetration of the main
shock into the boundary layer. R12 also increases rapidly as it enters
the corner to reach the downstream reattachment boundary layer,
with the difference that the value of R12 in the outer zone of the
boundary layer gradually becomes less than zero as it progresses
downstream. For the case of fully separated, the growth trend of
Reynolds stress components is the same. From the upstream undis-
turbed region to the downstream, the value of Reynolds stress compo-
nents increases rapidly, and the peak gradually moves outside the
boundary layer. Fang et al.55 pointed out that when entering the inter-
action zone, the peaks moving away from the wall indicate there is a
creation of a detached free shear layer. With the slow damping of the

FIG. 11. Contours of mean turbulence stress components for the incipient separation (left panels) and fully separated flow (right panels) cases: (a) and (d)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u00u00f gp

; (b) and
(e)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v00v00f gp

; and (c) and (f)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w00w00f gp

.
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FIG. 12. Distributions of the Reynolds stress components at various streamwise locations for the incipient separation (left panels) and fully separated flow (right panels) cases:
(a) and (e) R11; (b) and (f) R22; (c) and (g) R33; and (d) and (h) R12.
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Reynolds stress incident, the free shear layer starts to decay and diffuse
after being developed. During this process, R12 also gradually grows to
peak in the boundary layer and then collapses and falls to negative in
the outer region of the boundary layer.

Furthermore, Reynolds stress invariants can represent the intrin-
sic characteristics of Reynolds stress. The anisotropy tensor of the
Reynolds stress is defined as60

bij ¼
gu00i u00j
2k

� 1
3
dij; (32)

where k ¼ gu00i u00i =2. The three independent invariants I, II, and III of
the anisotropy tensor are given by

I ¼ 0; II ¼ � bijbji
2

; III ¼ bijbjkbki
3

: (33)

For convenience, we use variables g and n to form a Lumley tri-
angle to characterize the state of anisotropy, where g and n are defined
as follows:60

n3 ¼ III
2
; g2 ¼ � II

3
: (34)

Figure 13 displays the anisotropy invariant maps for two cases at
various streamwise locations. The origin of the triangle in Fig. 13
represents the isotropic turbulence. The top left and right corners
represent the turbulence at two-component axisymmetric and one-
component states, respectively. The straight sides at the bottom left
and right represent the axisymmetric compression and axisymmetric
expansion states, respectively, and the top curve represents two-
component turbulence. Because of the blocking effect, the computed
anisotropy curve in the upstream undisturbed region shows a two-
component turbulence close to the wall.51 At the outer edge of the
boundary layer, the flow in both cases tends to the state of axisymmet-
ric expansion. However, when entering the interaction region and
reaching the corner, the anisotropy invariant maps of the two cases
change significantly. The turbulence states are consistent with the
upstream undisturbed region for the incipient separation. Due to the
strong adverse pressure gradient in the fully separated flow, the turbu-
lence near the wall tends to the two-component axisymmetric state,
while the turbulence at the outer edge of the boundary layer is in the
state of axisymmetric expansion. The turbulence within the boundary
layer tends to axisymmetric compression. Interestingly, as the flow
progresses downstream, the anisotropy of the turbulence under the
incipient separation gradually decreases, and some of the flow tends to
be axisymmetric compression. The near-wall turbulence under fully
separated flow returns to a two-component turbulence state.

Turbulent kinetic energy (TKE) is an important physical quantity
in the flow field, and the TKE transport equation is important for
studying the TKE budget.

TKE budget for compressible in LES could be briefly described as
follows:61

@�qk
@t

¼ P þ T þ V � Dþ C þ K þM þ SGS; (35)

where ek ¼ 1
2
qu00i u

00
i

�q is TKE. Table II shows more details for each term.

Both the viscous diffusion and the viscous dissipation are functions of

FIG. 13. Lumley triangles for wall-normal profiles (a) in the upstream undisturbed
region, (b) at the corner, and (c) at the downstream. Green open circle: incipient sep-
aration; blue open square: fully separated flow; red solid circle: incipient separation at
yþ ¼ 5; red solid square: fully separated flow at yþ ¼ 5; pink solid circle: incipient
separation at y=d ¼ 1; and red solid square: fully separated flow at y=d ¼ 1.
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the shear stress tensor, which, for an LES solution, includes both the
resolved stress rij and the unresolved SGS stress sij.

In the upstream undisturbed region, the sum of all the terms on
the right-hand side of Eq. (35) has been evaluated, and it is also shown
in Fig. 14 as a dotted line. The local balance of TKE is very close to
zero, indicating an accurate prediction of the right-hand contributions.
The SGS terms in Fig. 14 are calculated as the remainder of the sum of
all other budget terms and represent the combined contribution of the
SGS diffusion and SGS dissipation terms. Morgan and Lele62,63 con-
firmed that when the grid resolution of the LES reaches a certain level
(Dxþ � 30; Dyþ � 1; andDzþ � 15), the distribution of the terms
of the TKE transport equation is similar to that of the DNS, and the
results of the numerical simulations are almost the same. So the contri-
bution of the SGS terms in Fig. 14 is almost zero, probably because the
grid resolution is very high. From the figure, we can see that in both
cases in the near-wall area, the TKE is mainly transported from the area
far away from the wall to the wall by the turbulent production term P
through the turbulent transport term T and then diffused and dissipated
by the viscosity. We can also see that in the STBLI, turbulent transport
term T, turbulent production term P, viscous diffusion V, and viscous
dissipation D are important physical quantities that affect the transport
process of TKE in the interaction region. So we mainly focus on the dis-
tribution of these items.

At the compression corner, in the case of incipient separation,
the peaks of the TKE transport equation’s main terms change
sharply, see Fig. 15. The peak of turbulent production increased
more than doubled, and the transport term increased to a positive
value in yþ ¼ 20 and then reached the peak at yþ ¼ 28. The trend
is consistent with the upstream undisturbed region in general.
However, the case of fully separated has changed a lot. With away
from the wall, the turbulent production is further increased, and
the first peak occurs at yþ ¼ 330, then begins to decrease until
yþ ¼ 512, and then increases again to a peak at yþ ¼ 503. The tur-
bulence transport term is increased to balance the convection term
in the near wall.61 Increases in turbulence transport mainly balance
the increase in production in the separation shear layer. During
this process, the contribution of viscous is minimal.

Overall, the incipient separation is almost restored to the
upstream undisturbed region in the downstream boundary layer, see
Fig. 16. However, for the fully separated flow, the production, trans-
port, and viscous terms are increased significantly at the wall due to

the strength of the mean shear in this region. It also shows that the
effect of the shock wave has yet to be eliminated.

C. Vortex structure

Coherent structure, also known as vortical structure, is an essen-
tial feature of turbulent motion. Various scales of vortical structures
exist in turbulence, including small eddies with a random motion to
relatively organized large-scale vortex structures. Although studying
the properties of turbulence can help us understand the correlations
and general average information in the flow, we need a more direct
understanding of the formation, growth, interaction, and dissipation
of vortices. Therefore, studying the evolution of the coherent structure
can help us understand the evolution characteristics of the flow field
more deeply and compare the effects of different separation conditions
on the STBLI.

FIG. 14. Main terms of the TKE budget in the upstream undisturbed region for the
two cases: (a) incipient separation and (b) fully separated flow.

TABLE II. Expression for the terms in the TKE budget equation.

Expression Meanings

P ¼ �qu00i u00j @euj=@xj Turbulent production

T ¼ �@ð1=2qu00i u00i u00j þ p0u00j Þ=@xj Turbulent transport

V ¼ @r0iju
00
i =@xj Viscous diffusion

D ¼ r0ij@u
00
i =@xj Viscous dissipation

C ¼ �@�qeujk=@xj Convection

K ¼ p0@u00i =@xi Pressure dilation

M ¼ u00i ð@�r ij=@xj � @�p=@xiÞ Compressible mass terms

SGS ¼ @hsiju00i i=@xj þ hsij@u00i =@xji Diffusion and dissipation in sgs
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There are various criteria for identifying the vortex structure,64–66

and in this paper, we use the Q criterion, which is the second invariant
of the velocity gradient tensor,64

Q ¼ � 1
2

SijSij �WijWijð Þ; (36)

Sij ¼ 1
2

@ui
@xj

þ @uj
@xi

 !
; (37)

Wij ¼ 1
2

@ui
@xj

� @uj
@xi

 !
: (38)

The three-dimensional coherent vortex structure identified using
the Q criterion is given in Fig. 17, colored by the local streamwise
velocity u, where the threshold Q¼ 0.1. It can be seen that there are a
large number of coherent structures within the boundary layer.

The distribution of the vortex structure in the upstream and at the
corner for the incipient separation case is given in Fig. 18. Near the wall,

the vortex structure is dominated by densely distributed quasi-flow vor-
tices, which gradually lift upward and increase as they move away from
the wall. The vortex structures are densely distributed at the corner,
forming larger-scale hairpin vortex strings or package structures.

Figure 19 shows the vortex structure at different positions of the
fully separated flow. The vortex structure has the same distribution
with incipient separation in the upstream region. However, when
entering the interaction region, the flow field generates a strong reverse
pressure gradient due to the shock wave, which causes the boundary
layer after the shock to thicken, and finally leads to the vortex struc-
tures growing rapidly. In addition, due to the action of the shock wave,
the flow field exhibits a strong three-dimensional effect, and a chaotic
vortex structure distribution appears in the flow field downstream of
the corner.

Although the G€ortler structure can hardly be called a single vor-
tex from the definition of vortex, it still plays an important role in the
STBLI.6,24,67 The G€ortler number is defined as

FIG. 16. Main terms of the TKE budget in the downstream boundary layer for the
two cases: (a) incipient separation and (b) fully separated flow.

FIG. 15. Main terms of the TKE budget at the compression corner for the two
cases: (a) incipient separation and (b) fully separated flow.
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GT ¼ h
0:018d	

ffiffiffi
h
R

r
; (39)

where h and d	 correspond to the momentum thickness and displace-
ment thickness of the turbulent boundary layer at the inlet of the cor-
ner, and R is the radius of curvature of the corner flow.

The critical G€ortler number in the laminar flow is 0.6, while the
validity of the G€ortler stability criterion is unclear in a turbulent and
separated flow.59 However, according to a previous research, a higher
G€ortler number can also be regarded as evidence of the existence of
G€ortler structures in the flow field.24,59,67 Figure 20 shows the distribu-
tion of G€ortler number along the mean streamlines in the corner of
the two cases. The starting point of the mean streamline is taken at

y=d ¼ 0:3 at the inlet of the corner. It can be seen that the G€ortler
number has only one peak in the case of incipient separation, but it
shows a bimodal distribution under fully separated flow. This is
mainly due to the different sizes of the separation bubble in the two
cases, resulting in different local curvatures in the case of the same
wall-normal height. In addition, their peak all exceeds the threshold of
the G€ortler number, indicating there exist G€ortler structures in the
flow field.

D. Low frequency unsteadiness

Under the influence of STBLI, the flow will separate, resulting in
a separation bubble and shock. The separation shock foot oscillates
back and forth over the intermittent region, accompanied by the
expansion and contraction of the separation bubble. The characteristic
frequency of this unsteady phenomenon is usually one to two orders
of magnitude lower than the characteristic frequency of turbulent fluc-
tuation in the incoming boundary layer. This phenomenon is called
the low-frequency unsteadiness of STBLI.10,68 Nowadays, there are still
entirely different physical explanations for the low-frequency unsteadi-
ness of STBLI in the academic world. Therefore, studying the oscilla-
tion characteristics of separation shock will help further understand
the relevant mechanism of the unsteady motion of the separation
shock.

Figure 21 shows the power spectral density of the wall pressure
fluctuations at the upstream undisturbed region P1 and the mean sep-
aration point P2. For the case of incipient separation, since the flow
field hardly generates shock waves, the frequency of the wall pressure
fluctuation in the upstream undisturbed region of the flow is almost
the same as that at the mean separation point. However, for the case of
fully separated flow, in the upstream undisturbed region, the peak

FIG. 18. Vortex structure of incipient separation (a) in the upstream and (b) at the
corner.

FIG. 17. Three-dimensional coherent vortex structure identified using the Q crite-
rion for the two cases: (a) incipient separation and (b) fully separated flow.
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frequency of the wall pressure fluctuation is located near f d=U1 ¼ 1.
At the mean separation point, the low-frequency energy of the wall
pressure fluctuations rises rapidly, and a peak frequency appears at
f d=U1 < 0:1.

Figure 22 shows the distribution of the energy spectrum of DMD
with frequency. The results show that for the fully separated flow, the
energy is mainly concentrated in the low-frequency modes, and the
energy in the high-frequency modes is relatively low. Although there is
a small amount of energy at low frequencies for the incipient separa-
tion, the overall energy distribution is uniform.

IV. CONCLUSION

In the present study, large eddy simulation of shock wave and
hypersonic turbulent boundary layer interaction on a compression
ramp at the Mach number Ma1 ¼ 5 and Reynolds number Re1
¼ 14 000 is performed to investigate the influence of the incipient and
fully separated conditions on the flow field evolution. The definition of
incipient and fully separated flow is deepened by the Simpson criterion
and mean velocity contour. Two compression ramp angles, 14� and
34� corresponding to the incipiently separated and fully separated, are

considered; in the incipiently separated flow, there is almost no separa-
tion in the flow, while in the fully separated flow, a separation bubble
is observed.

A quasi-dynamic subgrid-scale kinetic energy equation model
has been applied, which combines the merits of the eddy-viscosity
model and the gradient model, and the local coefficients of the model
are determined dynamically. The distribution of the van Direst trans-
formed mean streamwise velocity and the root mean square of the
velocity components are compared against previous incompressible
experimental and numerical results, and a satisfactory agreement is
achieved.

The mean wall pressure and skin friction coefficient indicate that
the incipient separation flow field is attached, while the fully separated
flow field has an obvious separation bubble. The instantaneous temper-
ature contours show strong local peak wall temperature in the interac-
tion and reattachment region of the fully separated flow. However,
there is no such phenomenon in the incipiently separated flow.

In both cases, the contours of the Reynolds stress components
exhibit significant amplification in the interaction zone, and the peak
outward shifts from the near-wall region to the core of the free shear
layer. However, the intensity of the amplification of the fully separated
flow is significantly greater than that of the incipient separation. The
profiles of Reynolds stress components also show the same trend, in
which the free shear layer is detached, decayed, and diffused. The
incipient separation trend of TKE items in different streamwise loca-
tions is similar, but the peak value has increased more than doubled.
The turbulent production and turbulent diffusion change significantly
in the fully separated case.

The coherent vortex structures are analyzed using the Q criterion.
In both cases, the vortex structure increases in the interaction region.
In the case of incipient separation, the vortex structure is not disturbed

FIG. 20. Distribution of G€ortler numbers along the mean streamline.

FIG. 19. Vortex structure of fully separated flow (a) in the upstream, (b) in the inter-
action region, and (c) downstream of the corner.
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by the shock. In contrast, in the case of fully separated, the flow shows
strong three-dimensional characteristics due to the strong reverse
pressure gradient generated by the shock, and the distribution of the
vortex structure is disordered. We also found G€ortler structures in the
flow field through instantaneous skin-friction coefficient distribution
and G€ortler number.

The power spectral density of the wall pressure fluctuations
shows that the low-frequency motion of the incipient separation is not
apparent. In contrast, the fully separated flow shows an apparent low-
frequency phenomenon. The DMD result showed that the energy in
both cases is mainly concentrated in the low-frequency modes.
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