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a b s t r a c t 

Direct numerical simulations (DNS) were performed to investigate the interactions of a Mach 2.9 turbu- 

lent boundary layer with shock waves of varying strengths in compression corner. The supersonic tur- 

bulent boundary layer was triggered by wall blowing-and-suction perturbations. The shock waves were 

produced by two-dimensional compression corners of 8, 14, 20 and 24 °. Compared with previous DNS re- 

sults and experimental data, the numerical calculations were validated. The effects of shock wave on the 

boundary layer are studied by both flow visualizations and statistical analysis, and the results show that 

the intensity of fluctuations is amplified greatly by the shock wave. With the increasing of turning angle, 

three-dimensionality of separation bubble is significantly enhanced. Based on the statistics and power 

spectrum of the wall pressure signals, the effect of turning angle on the unsteadiness of shock motion is 

also studied, and the results show that the shock motions are quite different in the small and the large 

turning angle cases. The motion in the 8 ° and 14 ° cases is characterized by high-frequency and small- 

amplitude, but the low-frequency and large-scale streamwise oscillation is the main feature in the 20 °
and 24 ° cases. The effect of turning angle on the turbulence state is analyzed by using the anisotropy of 

Reynolds stress tensor. The coherent vortex structures are also studied qualitatively. The results indicate 

that the cane-like streamwise vortexes in the near-wall region are the dominant structure for the small 

angle cases, while the hairpin vortexes and packets in the outer layer play the leading role in the large 

angle cases. According to the quantitative analysis of turbulent kinetic energy budgets in the separation 

region, the effect of turning angle on the transport mechanism is studied. It is found that the influence 

of shear layer above separation bubble on the mechanism is significant. 

© 2017 Elsevier Ltd. All rights reserved. 
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1. Introduction 

Shock wave and turbulent boundary layer interaction (SWT-

BLI) is a common flow phenomenon in high speed flow around

aircrafts. The related complicate phenomena, including flow sep-

aration and reattachment, low-frequency unsteadiness and high

local thermal loads, can significantly affect the aerodynamic per-

formance of aircraft. According to the generation of shock wave,

this problem can be simply classified into two canonical categories,

which are compression corner and reflected shock. Although the

interactions have been investigated extensively by experimental

[1–7] and numerical [8–15] methods during the past decades,

there still exist a few issues needed to be ascertained [16–18] .

The separation shock oscillation, with characteristic frequency

of one or two orders lower than the typical frequency of super-
∗ Corresponding author. 
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onic turbulent boundary layer, has always been a difficult and

riving research area for several decades. The physical source of

ow-frequency unsteadiness is still in debate with two apparently

pposite views, which are upstream and downstream mechanisms

espectively. Comprehensive reviews on this subject have been

iven by Clemens et al. [17] 

The experiments of compression corner configuration covered

ide range of turning angles and Reynolds numbers. Ardonceau

t al. [1] used laser and hotwire velocimeters to investigate the

eynolds stress tensor through the compression corner. The shear

omponent was found to rise more rapidly than other components.

urbulence amplifications induced by shock interactions were dis-

ussed by Smits & Muck [2] using the experimental data. It is

roposed that the shock unsteadiness might be the main reason

o explain the difference between their experiments and rapid

istortion analysis. Dolling & Or [3] measured the wall-pressure

uctuation at different streamwise locations in the compression

orner. Intermittency of shock motion was revealed by wall pres-

http://dx.doi.org/10.1016/j.compfluid.2017.03.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/compfluid
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Fig. 1. Illustration of computational model. 

Fig. 2. Illustration of computational grid for compression corner. 
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ure signals and the length scale of intermittent region increased

ith ramp angle. To this day, unsteadiness and low frequency

f shock motion has become an increasingly important hot topic

n SWTBLI problem. Beresh [4] found a correlation between the

oving shock and velocity fluctuations in upstream turbulent

oundary layer. However, Erengil & Dolling [5] proposed that the

ressure fluctuations might be the cause of low frequency motion.

anapathisubramani et al. [6] also investigated the correlation

etween the superstructures of turbulent boundary layer and

hock motion. In summary, the available experimental data of

nteractions in compression corner are numerous, but most exper-

ments were under relatively high Reynolds numbers, which are

ot accessible for DNS. Recently, in order to verify the DNS results,

ookey et al. [7] performed a series of SWTBLI experiments under

ow Reynolds numbers. 

With the fast development of computational techniques and

uper-computers, flow mechanisms of shock wave and super-

onic turbulent boundary layer interactions have been extensively

tudied by large-eddy simulation (LES) and DNS. Touber et al.

8] performed LES studies of different reflection configurations.

he relation between shock strength and the interaction length,

hich was firstly inferred from previous experimental data, was

onfirmed by their LES data. Moreover, the unsteady results of

ll tested cases had also shown evidence of the presence of low-

requency shock motions. The effects of shock strength on SWTBLI

ere studied by Morgan et al. [9] using LES. With the increment

f the interaction strength, the separation region expanded and

he low-frequency peak energy shifted toward lower frequencies.

izzetta et al. [10] used LES with dynamic Smagorinsky model

o study the supersonic compression corner with varying ramp

ngles. The time-averaged wall pressure and skin friction showed

ood agreement with experimental data. 

The first and well-known DNS of compression corner was

eported by Adam [11] . The shock motion and turbulent fluc-

uations had been studied delicately in the interaction region.

t was found that the oscillation frequency of shock is similar

o the bursting frequency of incoming turbulent boundary layer.

owever, his numerical results cannot be compared directly with

he experimental data because of the limited Reynolds number. In

ecent years, Wu et al. [12–13] and Priebe et al. [14] performed

NS studies of a Mach number of 2.9, 24 ° compression corner to

nalyze the shock motion. The inflow free stream is similar to the

xperiment of Bookey et al. [7] , which is at the accessible Reynolds

umber for DNS on current conditions. Satisfactory comparisons

n the mean and fluctuating results were reported. And the low

requency streamwise oscillation motion of separation shock was

nferred from the power spectral analysis of wall-pressure signals.

urthermore, the correlations among the separation point, reat-

achment point and shock location were studied systematically by

u et al. [13] , indicating that the downstream flow is the main

eterminants of low-frequency shock unsteadiness. Priebe et al.

14] investigated the low-pass filtered instantaneous flow fields

nd conjectured that an inherent instability in the downstream

eparated bubble is the physical origin. In addition, Li et al.

15] compared the DNS data of laminar and turbulent calculations

f the same compression corner with similar inflow conditions,

hich is also likewise the experiment of Bookey et al. [7] . The in-

et turbulence was triggered by blowing and suction, on the other

and, no perturbation was added in the laminar simulation. How-

ver, the low frequency oscillation phenomenon is found in both

esults. It is suggested that the upstream turbulent disturbance has

ittle relation with the low frequency motion of unsteady shock. 

In our previous research [35] , the authors have studied the

ffects of wall temperature on the length of separation bubbles

n a 24-degree corner. In this paper, the main objectives are

o examine SWBLI under various shock wave strengths and to
mprove the basic understanding of SWBLI by a detailed analysis

f new DNS data. The configuration chosen here is a separated

ompression corner which has many similarities with the reflected

hock problems. Four different corner angles, 8, 14, 20 and 24 °,
re considered. The Mach number of incoming boundary layer

s fixed at 2.9. Additionally, for better comparisons, the selected

ow parameters are similar with the experiment of Bookey et al.

7] and DNS of Wu et al. [12] . The present DNS is performed using

 band-optimized weighted essentially non-oscillatory (WNEO) 

ethods [19] with limiting technique [12] . The setup of this DNS

s presented in Section 2 , including numerical methods, computa-

ional grid and generation of turbulent inflow. The accuracies of

resent DNS data, validated by comparison against experimental

ata and previous DNS results, reported in Section 3 . At last, the

NS results of this study and discussions are present in Section 4 . 

. Computational setup 

.1. Numerical methods 

The governing equations are the non-dimensionalized conser-

ative form of Navier–Stokes equations in curvilinear coordinate 

∂U 

∂t 
+ 

∂( F c + F v ) 

∂ξ
+ 

∂( G c + G v ) 

∂η
+ 

∂( H c + H v ) 

∂ζ
= 0 

here t denotes the time, ξ , η, and ζ are the computational

oordinates. U is the conservative variables. F c , G c , and H c are the

onvective flux terms in the ξ , η, and ζ directions, respectively. F v ,

 v and H v are the corresponding viscous flux terms. Perfect gas is

elected as working fluid. 

A high-resolution CFD package, OpenCFD-SC, is used to perform

he DNS calculation in this study. The package has already been

pplied to a wide range simulation of compressible turbulent flow,

uch as acoustic calculation for supersonic turbulent boundary

20] , supersonic and hypersonic flat-plate flow [21] and hypersonic

oundary layer transition over blunt cone [22] . 

The convective flux terms are computed by the Steger-Warming

plitting method and the optimized WENO scheme of Martin et al.

19] . To maintain maximum order of accuracy and bandwidth, the

ptimized scheme is designed with symmetry stencils as ordinary

ighth-order central scheme. Therefore, the numerical dissipation

f this scheme is less than original WENO scheme. In addition, a

imiting technique reported by Wu et al. [12] is used to proceed

he weighting calculation, further minimizing the computation cost

nd translating the optimized WENO to linear scheme. These nu-

erical methods have been widely validated with great success in

NS studies of shock wave and turbulent boundary layer interac-

ion, especially in the cases with large separation [12–14] . Viscous
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Fig. 3. Laminar boundary layer profile (a) and contour of the normal velocity component V bs in the x - z plane (b). 

Table 1 

Inflow free-stream and turbulent boundary layer parameters at the reference point. 

Case Inflow free-stream Turbulent boundary layer parameters 

Ma ∞ Re ∞ T ∞ (k) T w (k) θ (mm) δ∗ (mm) δ (mm) C f 

Present DNS 2 .9 5581 .4 108 .1 307 .0 0 .41 2 .06 6 .5 0 .00256 

Bookey et al. [7] 2 .9 5581 .4 108 .1 307 .0 0 .43 2 .36 6 .7 0 .00225 

Wu et al. [12] 2 .9 5581 .4 108 .1 307 .0 0 .38 1 .80 6 .4 0 .00217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Distribution of wall skin-friction coefficient in the 24 ° compression corner. 
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flux terms are directly computed by the ordinary eighth-order

central scheme. Explicit third-order total variation diminishing

(TVD) type Runge-Kutta method is used for the time marching. 

2.2. Computational model and grids 

The computational model, as shown in Fig. 1 , contains two

parts. The first part is a flat-plate domain, and the second part

is a compression corner with four different turning angles, which

are 8 °, 14 °, 20 ° and 24 ° respectively. The x- and y- coordinates are

shown in Fig. 1 and the z- coordinate are spanwise coordinate. The

coordinate origin is located at the corner region of the ramp. The

dimensions of computational domain are also shown in this figure.

For all the four cases, the domain is divided into two parts in

the streamwise direction. The domain of the flat-plate L xp extends

from −335 mm to 0 mm, which measured from the computational

inlet to coordinate origin. The streamwise length L xc along the

compression corner surface is 50 mm. The spanwise dimension L z 
is 14 mm and the wall-normal dimension L y is 35 mm. 

To minimize numerical errors in the calculation of Jacobian

matrices, computing grids are generated using analytical trans-

formations [12] . As shown in Fig. 2 , the number of grid points

for all considered cases is 2160 × 160 × 140 (streamwise ×wall-

normal ×spanwise), which are concentrated in the corner region

( −35 mm ≤ x ≤ 35 mm) and near-wall region in the wall-normal

direction. The grids are equally spaced in the spanwise direction.

In wall units, based on the turbulent boundary layer properties

taken at the reference point ( x = −35 mm), the grid spaces in the

separation region of ramp corner are �x + ≈ 4.5, �y w 

+ ≈ 0.5

and �z + ≈ 5.0, which are much smaller than previous DNS of

flat-plate supersonic turbulent boundary layer [21] . 

2.3. Initial and boundary conditions 

The initial conditions and inlet boundary conditions are pre-

scribed as follows. Two-dimensional laminar results, obtained with

the same grid and inflow conditions as the turbulent calculations,

are selected as the initial conditions. The corresponding laminar

profile is selected as the inlet boundary condition, which will be

shown in Fig. 3 a. At the outlet and upper boundary, a sponge layer

is applied to avoid the reflection of disturbance wave. No-slip and

adiabatic wall conditions are used on the corner surface. In the

spanwise direction, periodic boundary condition is used. 
.4. Turbulent inflow generation 

In the present simulation, a flat-plate region with blowing-and-

uction pertubation is used to generate the turbulent flow as the

nflow of the corner region. The blowing-and-suction velocity v bs 

s set as [23] 

v bs = A f (x ) g(z) h (t) 

f (x ) = 4 sin (θ )[1 − cos (θ )] / (27) 1 / 2 , θ = 2 π(x − x a ) / ( x b − x a ) 

g(z) = 

l max ∑ 

l=1 

Z l sin [2 π l(z/ z max + φl )] , 

l max ∑ 

l=1 

Z l = 1 , Z l = 1 . 25 Z l+1 

h (t) = 

m max ∑ 

m =1 

T m 

sin [2 πm (βt + φm 

)] , 

m max ∑ 

m =1 

T m 

= 1 , T m 

= 1 . 25 T m +1 

here x a and x b indicate the beginning and end location of the

lowing and suction zone, respectively. Z max is the spanwise length

f computational domain. A is the amplitude of disturbance and

is the fundamental frequency of disturbance. �l and �m 

are

he random numbers ranging between 0 and 1. In the current

imulation, A = 0.2 and β = 0.1. 

Fig. 3 presents the laminar boundary layer profile at the inlet

oundary of computational domain, and it also shows the normal

elocity component v bs in blowing and suction region of flat-plate.

s shown in Fig. 3 b, the normal velocity in the x - z plane is

symmetric in the spanwise direction. Eventually, the asymmetry

esults in the generation of near-wall streamwise vortices [21] . 

The mean wall skin-friction coefficient in the 24 ° case is shown

n Fig. 4 . The mean variables reported in this paper are obtained
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Fig. 5. Two-point correlations of the velocity. (a) x/ δ= −5.4,y + = 5; (b) x/ δ= −5.4,y + = 10; (c) x/ δ= −1.2,y + = 5; (d) x/ δ= 0,y/ δ= 0.3. 

Fig. 6. Mean velocity profiles at x = −5.4 δ and 4.0 δ. Solid lines: present DNS; 

dashed lines: DNS, Wu et al. [12] ; Circles: experiment, Bookey et al. [7] . 
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Fig. 7. Van Direst transformed mean velocity profiles at the reference point 

(x = −5.4 δ). Solid line: present DNS; open circle: Wu et al. [12] ; triangles: Pirozzoli 

[23] ; square: Wu & Moin [24] . 
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y averaging in time and the homogeneous spanwise direction.

ig. 4 also plots the theoretical estimation for the fully turbulent

egime, which is given as [36] 

 f = 

0 . 455 

S 2 

⎡ 

⎣ log 

⎛ 

⎝ 

0 . 06 

S 
( Re x − Re x 0 ) 

μe 

μw 

√ 

T e 

T w 

⎞ 

⎠ 

⎤ 

⎦ 

−2 

S = 

1 

arcsin A 

√ 

T w 

T e 
− 1 A = 

(
γ − 1 

2 

M 

2 
e 

T e 

T w 

)1 / 2 

here subscript e and w refer to properties at the outer edge of

he boundary layer and the wall, respectively. The calculation re-

ults agree well with the above theoretical correlation in the fully

eveloped turbulent region. The mean skin friction coefficient sig-
ificantly rises up at the region −280 mm ≤ x ≤ −180 mm, indicat-

ng the onset of transition. As the boundary layer develops into full

urbulence, the mean skin friction coefficient gradually approaches

he theoretical estimation. According to the analysis of Gao & Li

21] , the type of this triggered transition is bypass transition. 

The obtained turbulent boundary layer parameters at the

eference point are listed in Table 1 , where θ, δ∗, δ and C f denote

he boundary layer momentum thickness, the boundary layer

isplacement thickness, the boundary layer thickness and wall

kin-friction coefficient, respectively. For comparison, the boundary

ayer parameters of Bookey et al. [7] and Wu et al. [12] are also

iven in this table. It is obvious that the fully developed turbulence
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Fig. 8. Density-scaled turbulence intensities in inner scaling (a) and out scaling (b) at the reference point (x = −5.4 δ). Solid lines present DNS: solid line, streamwise com- 

ponent (i = 1); dashed-dot line, wall-normal component (i = 2); dash line, spanwise component (i = 3). Open circle: Wu & Moin [24] ; diamonds: Spalart [25] ; triangles: Erm 

[26] . 

Fig. 9. Distribution of mean wall pressure (a) and skin-friction coefficient (b). Solid 

lines: present DNS; dash-dot line: Wu et al. [12] ; symbol: Bookey et al. [7] . 
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in this paper are very close to experimental and previous DNS

data, but the wall skin-friction coefficient of present simulation

is slightly higher. The difference is likely caused by the methods

of turbulence generation. In the previous DNS of Wu et al. [12] ,

recycling-rescaling technique was used to generate the inlet tur-

bulence. And in the experiments of Bookey et al. [7] , incoming

turbulent boundary layer was triggered by the cylindrical wire trip.

3. Accuracy of DNS 

Statistics are collected after long time calculation when the

flow becomes statistically equilibrium. The entire time of simula-

tion in the 8 ° and 14 ° cases is 600 δ/U ∞ 

. In order to study the

low-frequency characteristic of unsteady shock motion, the entire

time of simulation in the 20 ° and 24 ° cases is 30 0 0 δ/U ∞ 

. In
his simulation, the boundary layer thickness δ is selected at the

eference point and U ∞ 

is the inflow velocity. Three-dimensional

nstantaneous flow fields are then saved every 1.23 δ/U ∞ 

and the

otal number is 500. Additionally, wall-pressure signals along the

edian line through the interaction region are sampled every

.06 δ/U ∞ 

. 

Assessments of the grid resolution in the spanwise direction

re performed firstly. The auto-correlation functions are analyzed

n Fig. 5 . Here, the correlation coefficient is defined as [23] 

 αα( r z ) = 

N z −1 ∑ 

K=1 

〈 αK αK+ K r 〉 , K r = 0 , 1 , . . . , N z − 1 

here K r is the number of grid points in the spanwise direction,

nd α represents the fluctuations of flow variables. This figure

hows that, whether at flat-plate or the interaction region, the

orrelations for velocity components both decay towards zero after

 distance larger than half of the spanwise domains size. It sug-

ests that the computational domain in the spanwise direction is

ide enough to resolve the large-scale structure in the interaction

egion. 

In order to validate the results of 24 ° compression corner,

he mean and turbulence quantities, including the mean velocity

rofile, turbulence intensities, wall pressure and skin-friction

oefficient, power spectral density of pressure fluctuations, are

ompared with experimental and previous DNS data. 

Fig. 6 presents the mean velocity profiles at different stream-

ise location. The dashed lines denote previous DNS data [11] . The

ircles denote experimental data of Bookey et al. [7] . It is apparent

hat three profiles at the reference point agree well with each

ther. Downstream of the interaction region, velocity profiles of

NS are in good agreement. However, both of DNS results deviate

rom experimental data in the near-wall regions, where the errors

f velocity measurement are significant. Fig. 7 plots the Van-Driest

ransformed mean velocity profile at the reference point. It is

lear that the logarithmic behavior agrees well with the log-law.

he density-scaled turbulence intensities at the reference point

re shown in Fig. 8 . It is obvious that reasonable agreement is

btained with incompressible DNS data and low-speed boundary

ayer experiments. 

Fig. 9 depicts the streamwise distribution of the mean wall

ressure and skin-friction coefficient through the interaction re-

ion. Evidently, the calculated wall pressure collapse to the DNS

esult of Wu et al. [12] , both within the experimental uncertainty.
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Fig. 10. Wall pressure signals (a) and corresponding power spectral density (b) at different streamwise locations. 

Fig. 11. Instantaneous temperature flow-field in midspan section (z = 7 mm). Contours: from 1.0 T ∞ to 2.5 T ∞ . 

Fig. 12. Instantaneous numerical schlieren. (a) 8 °; (b) 24 °. 
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here is a rapid rise from the region x/ δ = −3.5, followed by a

lateau farther downstream. As shown in Fig. 9 , the separation

oint in current results is much closer to the ramp corner than

hat of Wu et al. [12] . The main reason for this difference might

e that the wall skin-friction coefficient of incoming turbulent

oundary layer in this paper is slightly higher, which inhibits the

evelopment of separation bubble. However, the distribution of

kin-friction coefficient in the separation bubble and downstream
he interaction is both in reasonable agreement with previous DNS

esults. 

Fig. 10 shows the wall pressure signals and corresponding

ower spectral densities (PSD) at three different streamwise po-

itions. The spectra for these signals are multiplied by different

cales to avoid overlapping. It is clear that the peak frequency in

he upstream undisturbed boundary layer is around 0.1–1.0U ∞ 

/ δ,

hich is consistent with the characteristic frequency of turbulent
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Fig. 13. Probability distribution of reversed flow. Dash line: γ u = 0.2; dashed-dot line: γ u = 0.5. 

Fig. 14. Distribution of probability of wall points with separation. ID: incipient de- 

tachment; ITD: Intermittent transitory detachment; TD: transitory detachment. 

Fig. 15. Distribution of the mean wall skin-friction coefficient for different turning 

angles. 

Fig. 17. Distribution of intermittency factor. Open circle: 24 °; diamond: 20 °; trian- 

gles: 14 °; square: 8 °. 
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Fig. 16. Contours of mean (left) and instantaneous (right) wall skin-friction coefficient. 

reattachment point, respectively. 
oundary layer. However, at the mean separation point and in the

eparation bubble, the characteristic frequencies are much lower,

ith the peak frequency equal to 0.008U ∞ 

/ δ. This result is in good

greement with the previous conclusion [12, 27] . Furthermore, five

isturbance frequencies, which are added in the flat-plate region,

re also plotted in Fig. 10 . It is obvious that the disturbance

requencies are concentrated on the high range of spectrum. 

. Results and discussion 

.1. Flow visualizations 

Fig. 11 shows instantaneous temperature in the midspan section

z = 7 mm), which also plots the transition process in the flat-plate

egion. The entire process of transition to turbulence and the
(a): 8 °; (b): 14 °; (c): 20 °; (d):24 °. Dashed-lines indicate the mean separation and 



F. Tong et al. / Computers and Fluids 149 (2017) 56–69 63 

Fig. 18. Low pass filtered wall pressure signals at the mean separation points. (a): 8 °; (b): 14 °; (c): 20 °; (d): 24 °. The signals are filtered using a hot-top filter. Blue: 

f cut = 1.0U ∞ / δ; Green: f cut = 0.1U ∞ / δ; Red: f cut = 0.01U ∞ / δ. 
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ppearance of turbulence bursts at the onset of transition followed

y a fully developed region ( x ≥ −60 mm) are apparent. The fully

eveloped turbulent boundary layer is characterized by turbulent

ulges, exhibiting a highly intermittent character. As the turning

ngle is increased, the shock strength increases and the streamwise

ocation of shock wave shifts toward upstream. Additionally, com-

ared with upstream turbulent boundary layer, the high tempera-

ure regions in the downstream region become more pronounced. 

Fig. 12 plots the instantaneous numerical schlieren in 8 ° and

4 ° cases. For a better display, the variable is defined as [12] 

 S = 0 . 8 exp [ −10( | ∇ρ| − | ∇ρ| min ) / ( | ∇ρ| max − | ∇ρ| min )] 

It is shown that the foot of main shock penetrates into the tur-

ulent boundary layer. Turbulence fluctuation is amplified greatly

y the interaction with shock wave. Furthermore, shock wave in

he 24 ° case is deformed by the traveling shocklets, extending

ut from the edge of boundary layer downstream the interaction

egion. However, in the 8 ° case, the shock is much closer to ramp

urface and there is no apparent shocklets. 
.2. Analysis of separation bubble 

Simpson [28] defines a statistical quantity to classify the sepa-

ation. The probability of reversed flow γ u , which is computed by

he fraction of total time that the instantaneous backflow happens,

s used as the criterion. According to the definition of Simpson

28] , incipient detachment (ID) occurs at γ u = 0.01, Intermittent

ransitory detachment (ITD) occurs at γ u = 0.2, transitory detach-

ent (TD) occurs at γ u = 0.5. The streamwise location where γ u 

 0.5 indicates the occurrence of mean flow reverse. 

The distribution of γ u is plotted in Fig. 13 . It is clear that the

ize of separation bubble increases as the turning angle increases.

he effect of turning angle on separation bubble is further illus-

rated in Fig. 14 , which plots the probability distribution of wall

oints with separation. The results indicate that all the four cases

re the mean separated flow. The separation region in the 8 ° case

s rather small. But it is interesting to note that the streamwise

istribution of separation and reattachment point appears to be

ymmetric. As the turning angle is increased, the separation point

oves upstream and the reattachment point moves downstream.

oreover, the separation regions of 14 °, 20 ° and 24 ° cases are

symmetric. 
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Fig. 19. Power spectral density of wall pressure signal at the mean separation point. (a): 8 °; (b): 14 °; (c): 20 °; (d): 24 °. Dashed-dot line: at the mean separation point; solid 

line: at x = −5.4 δ. 
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Fig. 15 plots the streamwise distribution of the mean wall

skin-friction coefficient. The separation and reattachment point are

defined as the point where the skin-friction coefficient changes

sign. Therefore, the region with C f ≤ 0 indicates the separation

region. It is found that the location of separation and reattach-

ment, which is labeled as circles in Fig. 15 , is consistent with the

probability of reversed flow. 

To further illustrate the intermittency and three dimensionality

of separation bubble in the interaction region, the time averaged

skin-friction coefficient contour for the four cases are shown in

Fig. 16 (a). For better comparison, locations of the mean separation

and reattachment points are also labeled by black dashed vertical

lines. It is apparent that the separation regions are not continuous

and distributed non-uniformly, especially at the reattachment

region in the 20 ° and 24 ° cases. Additionally, Fig. 16 (b) plots an

instantaneous skin-friction coefficient contour. It is evident that

the size of instantaneous separation region is much larger than

the time-averaged result. These observations confirm that the

separation bubble is highly intermittent and three-dimensional. 

4.3. Unsteady motion of shock wave 

In order to study the unsteady motion of shock wave, statistical

quantities of wall pressure fluctuations are used to characterize
he unsteadiness. The streamwise length scale of shock motion can

e estimated by the intermittency factor, which is defined as [29] 

= 

time [ P w 

> ( 〈 P wI 〉 + 3 σ ( P wI ) ) ] 

totaltime 

here P w 

represents the instantaneous wall pressure, 〈 P wI 〉
nd σ (P wI ) represent the time-averaged wall pressure and the

orresponding standard deviation in the upstream undisturbed

urbulent boundary layer, respectively. 

Fig. 17 plots the distribution of intermittency factor. It is clear

hat the profile shifts away from the corner region as the turning

ngle increases. However, the profile shape is not affected by

he turning angle. In this paper, the streamwise length scale of

hock motion is calculated as the length over which 0.04 ≤ λ
0.98. It is found that as the angle increases, the length scale

ncreases linearly from 0.48 δ in the 8 ° case to 0.73 δ in the 24 °
ase, which is consistent with the tendency of high Reynolds

umber experiments [3] . 

A hot-top filter defined as ˆ P ′ ( f ) = G ( f ) P ′ ( f ) is applied to the

aw signals, where P ′ (f) is the spectrum of pressure fluctuations

nd 

ˆ P ′ ( f ) is the filtered pressure signal in spectral space. The filter

unction G(f) is defined as 

 ( f ) = 

{
1 f ≤ f cut 

0 f > f cut 
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Fig. 20. Contours of the weighted power spectral density of wall pressure signals. Dash-dotted lines indicate the mean separation and reattachment point, respectively. 

Fig. 21. Reynolds stress anisotropy invariant map computed at various streamwise locations. (a): x = −35 mm; (b): x = −1 mm; (c): x = 3 mm; (d): x = 20 mm. Filled circles 

denote the wall point and arrows indicate the wall-normal direction. 
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Fig. 22. Isosurface of the second invariant of velocity gradient tensor, colored by wall-normal distance. Top: 8 °; bottom: 24 °. 
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Thus, the fluctuations below cutoff frequency ( f cut ) can pass the

filter and others are cut off. 

Fig. 18 plots the low-pass filtered wall pressure signals at

the mean separation point. Three different cutoff frequencies

are used, which are 1.0U ∞ 

/ δ, 0.1U ∞ 

/ δ and 0.01U ∞ 

/ δ. It is clear

that the signals show a wide range of frequency. Obviously, high

frequency fluctuations play the leading role in the 8 ° and 14 °
cases. The signals in the 20 ° and 24 ° cases are characteristic

of low frequency. Additionally, magnitude of fluctuations in the

20 ° and 24 ° cases is larger than that of 8 ° and 14 ° cases. The

corresponding power spectral density of wall pressure signals is

plotted in Fig. 19 . For the sake of contrast, the spectra at x = −5.4 δ
is also displayed together. It is found that the spectra in the 8 ° and

14 ° cases are similar. A bump centered about 1.0U ∞ 

/ δ is observed.

Furthermore, no significant energy is present below the frequency

of 0.01U ∞ 

/ δ. As the turning angle increases, the energy at high

frequency shows little change. But the energy at low frequency

increases significantly. It is also suggested that the unsteady shock
otion in the 20 ° and 24 ° cases is characterized by the low

requency. 

To further illustrate the unsteadiness of interaction, contour

f weighted power spectral density (WPSD) is plotted in Fig. 20 ,

hich is as function of frequency and streamwise location. The

ean separation point and reattachment point are also plotted

o indicate separation region. It is apparent that the separation

egions in the 8 ° and 14 ° cases are rather small and the dominant

requency maintains at the characteristic frequency of incoming

urbulent boundary layer. The separation regions in the 20 ° and

4 ° cases increase dramatically. And the behavior of wall pressure

uctuations through the interaction is utterly different from that

f small turning angles. It is apparent that the spectra are centered

t 1.0 U ∞ 

/ δ in the incoming turbulent boundary. Subsequently, the

ominant frequency in separation region shifts from 1.0U ∞ 

/ δ to

.01U ∞ 

/ δ. Downstream of the interaction region, most energetic

requency recovers back to 1.0U ∞ 

/ δ. This behavior agrees well

ith previous numerical and experimental studies [14] . 
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Fig. 23. Instantaneous streamwise velocity contours in plane x-z at y + = 5.5. (a): 8 °; 
(b): 14 °; (c): 20 °; (d):24 °. 

Table 2 

Explicit expressions for the terms in TKE budget equation. 

Expression Meanings 

K = 1 / 2 ρu ′′ i u ′′ i / ρ Turbulent kinetic energy 

C = −∂ ̄ρ ˜ u j k/∂ x j Convection 

P = −ρu ′′ i u ′′ j ∂ ̃  u i /∂ x j Production 

T = −∂ (1 / 2 ρu ′′ i u ′′ i u ′′ j + p ′ u ′′ j ) /∂ x j Turbulent transport 

V = ∂ σ ′ 
i j u ′′ i /∂ x j Viscous diffusion 

D = σ ′ 
i j ∂ u ′′ i /∂ x j Dissipation 

K = p ′ ∂ u ′′ i /∂ x i Pressure dilation 

M = u ′′ i (∂ σi j /∂ x j − ∂ p /∂ x i ) Mass diffusion 

i  

fl  

r  

t  

t  

t

4

 

i  

a  

t

 

s  
.4. Reynolds stress anisotropy tensor 

The turbulence state through the interaction region can be

haracterized by the change in anisotropy of Reynolds stress ten-

or. The invariants of Reynolds stress anisotropy tensor is defined

s [30] 

 i j = 

< ρu 

′′ 
i u 

′′ 
j > 

2 < ρ >< k > 

− 1 

3 

δi j 

A representative picture of turbulence state is shown by its

econd and third invariants 

 I b = b i j b ji I I I b = b i j b jk b ki 

As pointed out by Lumley [30] , all realizable flow-fields must

ie inside the anisotropy invariant map (also called as Lumley

riangle). The lines and vertices are corresponding to special states

f turbulence. 

Fig. 21 shows the anisotropy invariant maps for selected

treamwise locations. In the upstream undisturbed turbulent

oundary layer, a two-component turbulence state is observed

ear the wall. At the outer layer of boundary layer, the turbulence

s close to isotropic status. The maximum anisotropy of turbulence

ccurs at y + = 5.5, which is representative for the typical elongated

treaky structure with alternating low and high momentum fluids.

hese observations are in good agreement with Pirozzoli et al.

31] and Grilli et al. [32] . The behaviors of turbulence state in the

nteraction region are shown in Fig. 21 (b) and (c). As the turning

ngle is increased, turbulence in the vicinity of the wall approach

s gradually approaching the two-component axisymmetric state.

oreover, turbulence states in the inner part of boundary layer

pproach closer to the axisymmetric compression line. However, in

he outer region of boundary layer, turbulence evolves towards an

xisymmetric expansion state. Fig. 21 d plots the turbulence state

fter the reattachment point. The increase of anisotropy in the near

all region of 8 ° and 14 ° shows a reversal tendency, indicating

hat the flow rapidly recovers to the initial streaky structure. 

.5. Coherent structure 

For a deeper understanding of the evolution of turbulent

oundary layer in the interaction region, the instantaneous co-

erent vortex structure is studied through the second invariant of

elocity gradient tensor Q , which is defined as [33] 

Q = 

1 

2 

(
˜ �i j ̃

 �i j − ˜ S i j ̃
 S i j 

)
˜ 

i j = 

1 

2 

(
∂ ̄u i 

∂ x j 
− ∂ ̄u j 

∂ x i 

)
˜ S i j = 

1 

2 

(
∂ ̄u i 

∂ x j 
+ 

∂ ̄u j 

∂ x i 

)
The variables ˜ �i j and 

˜ S i j denote the symmetric and asymmetric

art of velocity gradient tensor, respectively. The presence of a

ortex is decided by whether the local rate of rotation is larger

han the rate of strain or not. 

The instantaneous vortex structures are clearly visible in Fig.

2 . It plots an isosurface of the second invariant of velocity

radient tensor, which is colored by the wall-normal distance.

t is apparent that the structures between 8 ° and 24 ° cases are

ignificantly different. In the small turning angle, the cane-like

treamwise vortexes in the near-wall region are the dominant

tructure. However, in the large turning angle, the large-scale hair-

in vortexes and packets in the outer layer play the leading role,

specially in the separated shear layer and reattachment region. 

Fig.. 23 depicts the instantaneous streamwise velocity in an

-z plane parallel to the wall. It is apparent that the velocity

eld of incoming turbulent boundary layer exhibits a typical

longated streaky structure with alternating low and high mo-

entum regions. In the separation region, this canonical structure
s badly destroyed by the interaction with shock wave and the

ow becomes chaotic and isotropic. The initial streaky structure is

ecovered after the interaction region. Furthermore, it is obvious

hat the recovery of streaky structures in 8 ° and 14 ° is much faster

han the other two cases. This observation also further confirms

he above analysis of Reynolds stress anisotropy tensor. 

.6. Turbulent kinetic energy budgets 

Analysis of turbulent kinetic energy (TKE) budgets in compress-

ble flow is of great help in understanding the turbulence structure

nd improving the existing turbulence models. The compressible

urbulent kinetic energy transport equation is in the form as [34] 

∂ 

∂t 
( ̄ρk ) = C + P + T + V − D + K + M 

The explicit expressions of all terms in above equation are

hown in Table 2 . In this paper, the production term P , turbulent
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Fig. 24. Contours of main terms in turbulence kinetic energy budgets. From top to bottom: production term P , turbulent transport term T and dissipation term D . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 25. Turbulence kinetic energy budget at x = 0 mm in function of y/ δ. (a): 8 deg; 

(b): 14 deg; (c): 20 deg; (d):24 deg. Symbol: �, production; ◦, turbulent transport; 

� , viscous diffusion; � , dissipation. 
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(

transport term T , viscous diffusion term V and dissipation term D

are the emphases of research. 

Fig. 24 plots the two dimensional distribution of production

term, turbulent transport term and dissipation term in the corner

region. It is apparent that the peak value of production term is

observed in the region of separated shear layer above separation

bubble and in the region of shock wave. This is due to the strong

mean shear around these regions [15] . Moreover, as the turning

angle increases, the region with high value of production term

increases significantly, especially in the region of shear layer.

Obviously, the turbulent transport term is also mainly distributed

in the shock wave and the shear layer. As shown in Fig. 24 , the

distribution is characteristic of two-layer structures with negative

and positive values. Additionally, the magnitude along separation

shock-wave is much larger than that of shear layer, especially in

the 20 ° and 24 ° cases. The dissipation term at the near-wall region

is strong for all cases, but the location of peak value shows sig-

nificant difference as the turning angle increases. The peak value

of dissipation term in the 8 ° and 14 ° cases is present downstream

the interaction region. However, in the 20 ° and 24 ° cases, the peak

value is observed in the foot of separated shear layer. 

In order to further illustrate the transport mechanism, Fig. 25

shows the one-dimensional profiles of TKE budgets at x = 0 mm,

as a function of wall distance normalized by boundary layer

thickness at the reference point. According to the above analysis of

flow-field, the selected location is in the separation bubble for all

cases. It is shown in Fig. 25 (a) and (b) that the shape of profiles is

similar. The peak value of production and dissipation term occurs

in the near-wall region. Turbulent transport and viscous diffu-

sion become significant in the inner part of the boundary layer,

which transports the turbulent kinetic energy from far-from-wall
 c  
egion to the near-wall region to be dissipated. The mechanism is

ikewise that of canonical flat-plate turbulent boundary layer [15] . 

A qualitatively different behavior is observed in Fig. 25 (c) and

d). The distribution of turbulent production term in 20 ° and 24 °
ases is characteristic of two peaks, with one peak above the
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eparation bubble and the other near the shock wave. The peak

alue of dissipation term and viscous diffusion is also observed

n the near-wall region, which is similar to that of 8 ° and 14 °
ases. However, compared with the viscous diffusion term, the

urbulent transport terms show significant changes across the

eparation bubble and shock region. It suggests that only the

urbulent transport term plays a major role in balancing turbulent

roduction and dissipation terms. 

. Conclusions 

In this paper, direct numerical simulations are performed to

tudy the interactions of shock waves with a supersonic turbulent

oundary layer in compression corners with different turning

ngle. Accuracies of this DNS are validated by comparison with

ervious simulation and experimental data, and the effects of

urning angle are evaluated. 

(1) The computation results agree well with previous ex-

perimental and DNS data in the mean wall pressure,

skin-friction coefficient, as well as velocity profile and

turbulence intensity. 

(2) With the turning angle increasing, the strength of shock

wave and three-dimensional behavior of separation bubble

are both dramatically enhanced. The characteristic prop-

erties of unsteady shock motion in the 8 ° and 14 ° cases

are the small-scale and high frequency oscillations. Fur-

thermore, the low frequency and large-scale oscillations of

shock motion in the 20 ° and 24 ° cases has strong relation

with the length scale of separation bubble in ramp corner. 

(3) The coherent vortex structures and anisotropy of Reynolds

stress tensor at interaction region of various turning angles

are different. With the increment of the turning angle,

large-scale hairpin vortexes and packets in the outer of

boundary layer gradually play the major role. The canonical

streaky structures in turbulent boundary layer are destroyed

dramatically by the interactions, especially in the 20 ° and

24 ° cases. 

(4) Turning angle effect on the turbulent transport mechanism

is significant at the corner region. In the 8 ° and 14 ° cases,

the mechanism is similar with that of flat-plate turbulent

boundary layer. In the 20 ° and 24 ° cases, the shear lay-

ers above separation bubble are critical for the transport

mechanism. 
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