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A direct numerical simulation of the shock/turbulent boundary layer interaction flow in a supersonic 24-degree compression 
ramp is conducted with the free stream Mach number 2.9. The blow-and-suction disturbance in the upstream wall boundary is 
used to trigger the transition. Both the mean wall pressure and the velocity profiles agree with those of the experimental data, 
which validates the simulation. The turbulent kinetic energy budget in the separation region is analyzed. Results show that the 
turbulent production term increases fast in the separation region, while the turbulent dissipation term reaches its peak in the 
near-wall region. The turbulent transport term contributes to the balance of the turbulent conduction and turbulent dissipation. 
Based on the analysis of instantaneous pressure in the downstream region of the mean shock and that in the separation bubble, 
the authors suggest that the low frequency oscillation of the shock is not caused by the upstream turbulent disturbance, but 
rather the instability of separation bubble. 
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1  Introduction 

The supersonic compression ramp flow, as a typical model 
for studying the shock/turbulent boundary-layer interaction 
(STBLI), is a key flow in the scramjet inlet. The mechanism 
study of this flow is valuable in terms of both theories and 
application. During more than half a century study, large 
amount experimental data has been published [1]. In recent 
years, with the demand of hypersonic aircraft, the mecha-
nism study of supersonic compression ramp flow becomes 
hot again. Besides experiments, numerical simulations also 
serve as a powerful tool to study the mechanism of STBLI, 
especially, the direct numerical simulation (DNS). The DNS 
without using any turbulence model will involve no model-
ing error. Additionally, the DNS can provide all the 
time-spatial messages of the complicated flow, which is 

very useful in the mechanism study. The geometry of a 
compression-ramp is simple, but the flow in a supersonic 
compression-ramp is rather complicated, which contains 
turbulence, transition, flow separation, shock waves and the 
interactions of these factors. The multi-factors pose great 
difficulties to DNS. Because the flow separation is very 
sensitive to numerical viscosity, the simulation requires the 
numerical dissipation to be very small, and the grid resolu-
tion to be high. Thus, the published DNS reports of STBLI 
are very few.  

To the author's knowledge, Adams et al. [2,3] performed 
the first DNS of supersonic compression ramp flow. How-
ever, limited by the computing power, the Reynolds number 
of DNS cannot be as high as that of the experiment, and 
there is no direct comparison with the experiment result in 
the DNS used by Adam. Bookey et al. [4] performed an 
experimental study of STBLI. Different from the previous 
experiments, low-density gas was used as a work medium in 
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Bookey et al.’s experiment, and thus the Reynolds number 
in Bookey et al.'s experiment is low enough to meet the 
standard of DNS or LES (large eddy simulation). Wu et al. 
[5] performed a new DNS of supersonic compression ramp 
flow following Bookey et al.’s experimental parameters, 
and the turbulence statistics agree with Bookey et al.’s ex-
periment. To minimize the computation cost, Wu et al. used 
the recycler technique to produce the inlet fully developed 
boundary-layer turbulence. This method avoided the long 
computational domain for simulating the transition. How-
ever, the inlet turbulence provided by the recycler technique 
is not as reliable as that provided by transition simulation.  

The oscillation of separation shock is an important fea-
ture of the shock/turbulent boundary layer interaction 
(STBLI). Experimental research studies report that the os-
cillation has two different characteristic frequencies [1,6]. 
The time scale of the high-frequency oscillation is 

( / ),O Uδ ∞  while that of the low-frequency oscillation is 

(10 / 100 / )O U Uδ δ∞ ∞−  [1,6], where δ is the thickness of 

the upwind boundary layer and U∞  is the free-stream 

velocity. The mechanism of high-frequency oscillation is 
deemed as the effects of boundary layer turbulent distur-
bance or the effects of the upstream coherent structures in 
the turbulent boundary layer. However, the time scale of 
low-frequency oscillation is much larger than that of the 
turbulent disturbance (or the coherent structures). Ganapa-
thisubramani et al. [7] have found that there are coherent 
structure clusters (so-called “super-structures”) in the tur-
bulent boundary layer and deemed that the clusters play an 
important role in the low-frequency oscillation of the shock. 
Wu et al. [8] believe that the upwind boundary layer distur-
bance (including the super-structures) cannot cause the 
shock’s low-frequency oscillation, since the correlation be-
tween the shock oscillation and the upstream disturbance is 
very low. They suggest that the downstream region 
(separation bubble) is the cause of shock’s low-frequency 
oscillation. The reason for shock’s low frequency oscilla-
tion is still unclear. 

This paper has made a direct numerical simulation (DNS) 
of shock/turbulent boundary layer interaction (STBLI) flow 
in a 24-degree compression ramp with free stream Mach 
number 2.9. The flow parameters chosen are close to 
Bookey et al.’s experiment [4]. Different from Wu et al.’s 
simulation [5], the wall blow-and-suction disturbance in the 
upwind wall boundary is used to trigger the transition. 
Based on the analysis of instantaneous pressure in the 

downstream region of the mean shock and that in the sepa-
ration bubble, the authors suggest that the low frequency 
oscillation of the shock is not caused by the upstream tur-
bulent disturbance, but rather the instability of separation 
bubble. The turbulent kinetic energy budget in the separa-
tion region is also analyzed in this paper. 

2  DNS setup 

As shown in Figure 1, the computing model is supersonic 
flow over a 24-degree ramp, and the computational domain 
is also shown in this figure. The computational domain is 

335  mm 51.6  mm− ≤ ≤x  streamwise (x=0 denote the 

corner point), Ly=35 mm in the wall-normal direction and 
0 14≤ ≤z mm in the spanwise direction. The inlet of the 

computational domain is located at the 200 mm downstream 
leading edge of the flat-plate, and the inlet boundary condi-
tion is set by using the laminar profiles of flat-plate bound-
ary layer flow. In the current simulation, we first simulate 
the two-dimensional laminar flow over a flat-plate with the 
leading edge, then save and use the profiles of density, ve-
locities and temperature at the 200 mm downstream leading 
edge as the inlet boundary conditions of the three-dimen-          
sional simulation. To trigger the transition, we impose the 
blow-and-suction perturbation on the wall at −305 mm 

285 mm≤ ≤ −x  (For the detail of the perturbation, see ref. 

[9–11]). The amplitude of the perturbation is set as A=0.1. 
Since the perturbation is strong enough, the transition is a 
bypass-type transition. Table 1 shows the free-stream con-
ditions and the condition at the location x=−30 mm, which is 
in the upstream separation bubble, where ,θ δ  and Cf de-

note the momentum thickness, nominal thickness (99%) and 
skin friction coefficient at x=−30 mm. The parameters of 
Bookey et al.'s experiment [4] and Wu et al.’s DNS [5] are 
also listed in this table. Table 1 shows that the parameters at 
x=−30 mm of the current DNS differ to a small degree from 
those of Bookey et al.’s experiment. The reason is that the 

 
Figure 1  Schematic diagram of DNS setup. 

Table 1  Flow parameters 

Free-stream and wall  x=−30 mm 
 

Ma∞ Re∞ (mm) T∞ (K) Tw (K)  Reθ Cf θ (mm) δ (mm) 

The current DNS 2.9 5581.4 108.1 307  2344 2.57×10−3 0.42 6.5 

experiment by Bookey et al. [4]  2.9 5581.4 108.1 307  2400 2.257×10−3 0.43 6.7 

DNS by Wu et al. [5] 2.9 6052.6 107.1 307  2300 2.17×10−3 0.38 6.4 
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flow at x=−30 mm is affected by the transition in the up-
stream region, and the perturbation of the current DNS is 
different from that of the experiment. 

A high-resolution CFD software Hoam-OpenCFD de-
veloped by the authors are used to solve the Navier-Stokes 
equations in the curvilinear-coordinate directly: 

 
1 ˆ ˆˆ ˆ ˆ ˆ( ) ( ) ( )( )

0,v v vE E F F G GJ U

t ξ η ς

− ∂ − ∂ − ∂ −∂
+ + + =

∂ ∂ ∂ ∂
 (1) 

where ( , , )ξ η ς  is the computational coordinate, and J is 

the Jacobian coefficient of the coordinate transform form 

(x,y,z) to ( , , ).ξ η ς  
ˆˆ ˆ, ,E F G  are inviscous flux and 

ˆˆ ˆ, ,v v vE F G  

are viscous flux. Steger-Warming splitting is used for the 
inviscous terms and then solved by using WENO-SYMBO 
method of Martin et al. [5,12]. WENO-SYMBO is an opti-
mized WENO scheme in a nine-point central stencil with a 
fourth order accuracy, but a higher resolution than the ordi-
nary eighth order central scheme. Since the central stencil is 
used, the dissipation of WENO-SYMBO is small. Further-
more, limiter-technique reported by ref. [12] is used in the 
WENO-SYMBO scheme. This technique closes the 
weighting calculation of the WENO scheme in the region 
where neither the velocity divergence nor the oscillation is 
strong [12], and it minimizes both the total dissipation and 
computation cost. Viscous terms are discretized by using 
the eighth order central scheme, and the third order 
TVD-type Runge-Kutta method is used for time-advance. 

Mesh of the current DNS is 2160 (streamwise) ×140 
(wall-normal)×160 (spanwise). And the mesh is concen-
trated in the corner region ( 35mm 35  mm− ≤ ≤x ). The 

mesh span in the wall unit (measured at x=−30 mm) is x+Δ  

4.1,≈  0.5wy+Δ ≈  and 4.8,z+Δ ≈  which is much smaller 

than the DNS of non-separated flat-plate boundary layer. 
This is because the flow separation is sensitive to the nu-
merical dissipation, and the mesh span (especially, Δx) must 
be small enough. In the current simulation, if not specified, 
the length is non-dimensioned by using millimeter (mm). 

3  Data validation 

After lengthy computation, the flow becomes statistically 
steady, and then the three-dimensional fields are saved and 
used for statistics. In the current simulation, both the span-
wise average and time average are used for the statistics. 
Figure 2 shows the distribution of skin fraction coefficient 
Cf. The significant growth of Cf in the region −260 mm 

180 mm≤ ≤ −x denotes the occurrence of the transition. In 

the region 160 mm 25 mm,− ≤ ≤ −x  Cf decreases smoothly, 

indicating that the turbulence becomes fully developed. In 
the downstream region, Cf goes down rapidly and shows a 
negative value, indicating that the separation occurs. The 

triangles denote the theoretical value of Cf by using Blasius 
turbulence formulation [9], which is identical to our DNS 
approximately. Figure 3 shows the mean wall pressure 

/wp p∞  as a function of / ,x δ  where δ is the nominal 

boundary layer thickness at x=−30 mm. This figure shows 
that the mean pressure grows rapidly in the region 

/ 3.5x δ ≥ − , and then forms a platform region. The circles 
in Figure 3 denote the experimental data of Bookey et al. [4], 
and the error bar is set at 5%. This figure shows that the 
mean wall pressure of the current DNS agrees with the ex-
perimental data, which indicates that the separation region 
of the current DNS agrees with the experimental data. Fig-
ures 4 and 5 show the mean velocity profile at x=−30 mm 
and x=−20 mm, respectively. The two figures show that 
there is good agreement between the current DNS and ex-
perimental data. Figures 3–5 validate the current DNS. 

4  Flow visualization 

Figure 6 shows the two-dimensional distribution of the in-
stantaneous temperature in the spanwise middle section 
(z=7 mm). Regions of laminar flow, transition, fully devel-
oped turbulence and separation are shown clearly in this 
figure. Figure 7, the locally enlarged plot of Figure 6 in the 
corner region, shows the clear regime of the outer boundary, 

 
Figure 2  Distribution of the skin fraction coefficient. 

 
Figure 3  Distribution of the mean wall pressure. 
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Figure 4  The mean velocity profile at x=−30 mm. 

 

Figure 5  The mean velocity profile at x=−20 mm. 

which indicates the highly intermittent character of the outer 
boundary. This figure shows that the thickness of the tem-
perature boundary layer increases rapidly in the downstream 
region of the separation point, and also shows that the tem-
perature in the separation bubble is significantly higher than 
that in the upstream boundary layer. The shocklets in the 
separation bubbles are also shown in this figure. 

Figure 8 shows the instantaneous numerical schlieren 
plots at t=2100 and t=2505 where numerical schlieren is the 
contour of 

 [ ]max max min0.8exp 10( ) / ( ) ,NS ϕ ϕ ϕ ϕ= − − −  

where ϕ ρ= ∇  [7]. This figure shows that the deforma-

tion of the main shock and the shocklets extends out from 
the boundary layer.  

Figure 9 shows the instantaneous contour of streamwise 
velocity in a wall-parallel plane at 0.1ny =  ( 4.8ny+ ≈ ) 

and t=2505. Figure 10 is its locally enlarged plot. Figure 9 
shows that the perturbations grow in the region −300 mm 

250 mm≤ ≤ −x and then form the streamwise streaky 
structures. Figure 10 shows that the streaky structures are 
distorted in the corner region (near x=0) and then occur 
again in the downstream region. 

5  Turbulent kinetic energy budget 

The turbulent kinetic energy (TKE) budget equation for 

 
Figure 6  Distribution of the instantaneous temperature in the middle section: z=7 mm. 

 
Figure 7  The locally enlarged plot of Figure 6. 
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Figure 8  Instantaneous numerical schlieren plot at t=2100 and t=2505. 

 

Figure 9  Contour of the instantaneous streamwise velocity at a plane parallel to the wall ( 0.1,ny =  4.8ny+ ≈ ) at t=2505. 

 

Figure 10  The locally enlarged plot of Figure 9. 

compressible turbulence [9,13] is:  

 ( ) ,K C P T D M
t

ρ ε∂
+ = + + Π + + −

∂
 

the expression of each term is shown in Table 2. 

ϕ  and /ϕ ρϕ ρ=  are the Reynolds average and the 

Favre average of ϕ , respectively. In the current simulation, 

the Reynolds average is time and spanwise average, and 142 
three-dimensional fields with a time-span of 282 non-di-                         
mensional time units are used in the average. The dissipa-
tion term ε  can be further decomposed into the solenoidal 
dissipation, dilatational dissipation and the dissipation asso-
ciated with the density fluctuation [9]. In many cases, the 
solenoidal dissipation is the most important; the dilatational 
dissipation and the dissipation associated with the density 
fluctuation are ignorable.  

Figure 11 shows the two-dimensional distribution of the 
production term (P), dissipation term (ε), turbulent transport 

term (T) and pressure-dilatation term (Pdiv) in the corner 
region. This figure shows that the production term is very 
strong in the downstream region of the separation point and 
in the region around the main shock. This is because the 
mean shear is very strong in these regions. The turbulent 
dissipation ε is very strong both in the separation region and 
the downstream near-wall region. Turbulent transport term 
balances the production and dissipation, and the turbulent 
kinetic energy is transported to the near wall region and 
then dissipated. This figure also shows that the pres-
sure-dilatation term (Pdiv) is significant in the region 
around the main shock, while this term is ignorable in other 
regions. This indicates that the intrinsic compressibility ef-
fect is not significant in the region which does not contain 
the main shock.  

Figure 12 shows the one-dimensional profiles of terms in 
TKE equation at x=−30 mm, which is located in the up-
stream separation bubble. The profiles are very similar to 
those of the turbulent flat-plate boundary layer [9−11]. Tur-          
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Table 2  Expression of the terms in turbulent kinetic energy (TKE) budget equation 

Expression Meanings Expression Meanings 

1 / 2 /i iK u uρ ρ′′ ′′=  TKE ( ) /j jC u K xρ= ∂ ∂  Convection 

/i j i jP u u u xρ ′′ ′′= − ∂ ∂  Production /ij i ju xε σ ′ ′′= ∂ ∂  Dissipation 

(1 / 2 ' ) /i i j j jT u u u p u xρ ′′ ′′ ′′ ′′= −∂ + ∂  Turbulent transport /i ij iD u xσ′′ ′= ∂ ∂  Viscous diffusion 

/i ip u x′ ′′Π = ∂ ∂  Pressure-dilation ( / / )i ij j iM u x p xσ′′= ∂ ∂ − ∂ ∂  Due to the density fluctuation 

 
 

 

Figure 11  Distribution of the production term (P), the dissipation term (ε), the turbulent transport (T) and the pressure-dilatation term (Pdiv) in the turbu-
lent kinetic energy equation. 

bulent production term reaches its peak in the transition 
layer, while the turbulence dissipation term reaches its peak 
in the wall, and the turbulent kinetic energy is transported 
from the far-from-wall region to the near wall region 
through the turbulent transport term. This figure also shows 
that pressure-dilation term (Pdiv), dilation dissipation term 
(εd) and the term associated with density fluctuation are 
ignorable. Figure 13 shows the one-dimensional profiles of 
the main terms in TKE equation at x=−10 mm and x=10 mm, 
which are located in the separation bubble. Compared with 
Figure 12, the turbulent production in the separation bubble 
is much stronger than that in the upstream region. This fig-

ure also shows that the profile of production is widely dis-
tributed in the separation bubble. Similar to that in the up-
stream region, the turbulent dissipation reaches its peak in 
the wall, and the turbulent transport term balances the tur-
bulent production and dissipation terms. 

6  Preliminary investigation of the mechanism 
for shock oscillation 

The oscillation of the separation shock is an important fea-
ture of the shock/turbulent boundary layer interaction  

 

Figure 12  One-dimensional profiles of all terms in TKE equation at x=−30 mm. 
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Figure 13  One-dimensional profiles of the main terms in TKE equation at x=−10 mm and x=10 mm. 

(STBLI). There are two different characteristic frequencies 
of the shock oscillation, and the time scale of the 
high-frequency oscillation is ( / ),O Uδ ∞  while the time 

scale of the low-frequency one is (10 / 100 / )O U Uδ δ∞ ∞− . 

The mechanism of high-frequency oscillation is deemed as 
the effects of boundary layer turbulent disturbance or the 
effects of coherent structures in the upstream boundary- 
layer turbulence. However, the time scale of low-frequency 
oscillation is much longer than that of the turbulent distur-
bance (or the coherent structures). Ganapathisubramani et al. 
[7] have found that there are clusters of coherent structures 
(so-called “super-structures”) in the turbulent boundary 
layer and deemed that the clusters of coherent structures 
play an important role in the low-frequency oscillation of 
the shock.  

Figure 14 shows the visualization of coherent structures 
by using the iso-surface of the second invariant of velocity 
gradient tensor Q. This figure shows that coherent structures 
are randomly arranged, and the package of coherent struc-
tures are not clear.  The authors tend to believe that the 
package (or cluster) of the coherent structures are not the 
reason for the low-frequency oscillation of the shock. 

Figure 15 shows the time history of pressure disturbance 
( ) /p p p p∞′ = −  in the point (x,y) = (−9,5.9), which is lo-

cated in the downstream region of the shock, and the fluc-
tuation of p′  denotes the oscillation of the shock.  The 

dash and the solid lines in Figure 15 denote the instantane-
ous and filtered values of ,p′  respectively. This figure  

shows that low-frequency oscillation has the time scale of 
100–400 non-dimensional time units, which is approxi-
mately 15–60 times of /Uδ ∞ . Figure 16 shows the pres-

sure disturbance p′  at the wall at x=−12 mm, which is 

located in the separation bubble, and it also shows the os-
cillation with two different frequencies. The low frequency 
oscillation denotes the oscillation of the separation bubble, 
and the time scale is close to that of the shock oscillation. 
So, the authors conjecture that the low-frequency oscillation 
of the shock is associated with the oscillation of the separa-
tion bubble, and less related to the upstream coherent struc-
tures. To further validate this speculation, we perform a 
laminar simulation of the compression ramp flow. The 
laminar simulation is two-dimensional with the same 
free-stream conditions as the current DNS, and the geome-
try is also the same as the current DNS (in the x-y section). 
Different from the three-dimensional simulation, no pertur-
bation is used in the two-dimensional simulation and the 
flow remains laminar. Figure 17 shows the instantaneous 
pressure in the wall at x=−4 mm, and this figure shows that 
the oscillation of wall pressure has two different time scales. 
The low frequency oscillation has the time scale of 400 
non-dimensional time units, which is close to the time scale 
of low-frequency oscillation in the turbulent case. In the 
laminar simulation, the flow in the upstream region of the 
separation bubble is “clean”, and there are no coherent 
structures or super-structures. However, the low-frequency 
oscillation of the separation bubble still exists. This indi-       

 

Figure 14  Visulization of the coherent structures (isosurface of the second invariant of velocity gradiant Q).  
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Figure 15  Time history of the pressure disturbance at the location (x,y)= 
(−9, 5.9). 

 

Figure 16  Time history of the pressure disturbance at the wall of x=−12 
mm. 

 
Figure 17  Time history of the pressure disturbance at the wall of x=−4 
mm (laminar simulation). 

cates that the low-frequency oscillation is not related to the 
upstream disturbance. So, the authors suggest that the low 
frequency oscillation of the shock has little relation with the 
upstream turbulent disturbance, and the instability of sepa-
ration bubble is the suggested reason. The mechanism of 
low-frequency oscillation will be further investigated in the 
follow-up study. 

7  Conclusion 

The direct numerical simulation of shock/turbulent bound-

ary layer interaction flow in a supersonic compression ramp 
is conducted with free stream Mach number 2.9 and 
24-degree ramp-angle. The upstream wall blow-and-suction 
perturbation is used to trigger the transition. Both the mean 
wall pressure and the velocity profiles agree with those of 
experimental data, which validates the simulation.  The 
turbulent kinetic energy budget in the separation region is 
analyzed, and the mechanism of the main shock’s low-fre-          
quency oscillation is also studied. 

The authors suggest that the low frequency oscillation of 
the shock has little relation with the upstream turbulent dis-
turbance, which results from the instability of separation 
bubble. 

The turbulent production term increases fast in the sepa-
ration bubble, while the turbulent dissipation term reaches 
its peak in the near-wall region. The turbulent transport term 
contributes to the balance of the turbulent conduction and 
turbulent dissipation.  
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