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Fine structures of supersonic flow over a 5 mm high backward facing step (BFS), including expansion wave fan, reattachment 
shock, supersonic boundary layer were measured in a Ma=3.0 low-noise indraft wind tunnel. By varying the superficial roughness 
of the wall upstream from the step, supersonic laminar flow and supersonic turbulent flow could be formed over a BFS. Meas-
urements on the spatiotemporal features of the holistic flow field and the fine structures in four typical regions were carried out 
using NPLS (nano-based planar laser scattering). Flow structures, including expansion wave fan, reattachment shock, supersonic 
boundary layer and its separation, reattachment and redevelopment are revealed by measuring the holistic structure of the transient 
flow field. Comparing the two time-averaged flow fields with each other, it is apparent that supersonic turbulent flow over a BFS 
(STF-BFS) has a larger expansion angle and a shorter recirculation region, and its redeveloped boundary layer increases at a 
smaller obliquity while the angle of reattachment shock is the same for the supersonic laminar flow over a BFS (SLF-BFS). With 
regard to time-evolution features, the K-H vortices in the SLF-BFS suffers from shearing, expansion, reattachment and 
three-dimensional effects while in the STF-BFS large-scale structures are affected by the incline and distortion at the reattachment 
point due to expansion, viscosity and reverse-pressure. Studies on local regions indicate that in the SLF-BFS, the emergence of 
compression waves which distinctly converge into a reattachment shock is due to the local convective Mach number and the in-
ducement of K-H vortices in the free shear layer. Nevertheless, in the STF-BFS, compression waves and K-H vortices are barely 
evident, and the formation of a reattachment shock is related to the wall compressive effect. 
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As a typical flow with simple geometrical boundaries, flow 
over a backward facing step (BFS) contains many compli-
cated structures, including separation and reattachment. 
Separated/reattaching flows often occur in natural environ-
ments such as air movement in valleys or over fences as 
well as in many man-made facilities such as airfoils with an 
attack angle, reentry aircrafts, diffusers, and turbo engines. 
However, generally speaking, separation results in negative 
effects on these systems, e.g. reducing manipulation of air-
craft, increasing heat loss from walls, creating noise and 
dynamic structural loads. However, in the research field of 
supersonic flows, the BFS is always adopted as a typical 

configuration for ignition in a scramjet, where the recircula-
tion region has an important role in stabilizing the firing of 
the engine. Steps on the surface of supersonic/hypersonic 
aircrafts make flow fields complex, and consequently ap-
propriate research is propitious for optimizing the dynamic 
design of aircraft. 

In the past several decades, a lot of experimental and 
numerical work has been done on BFS flows, focusing on 
the flow mechanism, controlling effect and unsteadiness. To 
study flow structures using flow visualization, schlieren, 
shadow, planar laser scattering techniques, white-light bub-
ble image velocimetry and computational fluid dynamics 
methods are usually adopted. Shen and Ma [1] used 
white-light bubble image velocimetry to measure the struc-
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tures of starting vortices in a water tunnel. They found four 
stages in this process: (1) The first acceleration stage; (2) 
the second acceleration stage; (3) the secondary induced 
vortex and second separated vortex stage; (4) the break-
down stage. The starting vortex was much stronger than the 
following shedding vortices. Using laser velocimetry, Co-
hen and Bennett [2] measured the velocity field behind a 
backward-facing step disturbed by a certain frequency. The 
results showed that the recirculation region grew and shrank 
periodically with the change in disturbing frequency, which 
revealed its deviation from a quasi-steady representation. 
Large-scale structures in a two-dimensional BFS flow were 
studied by Noriyuki et al. [3] using multi-point laser Dop-
pler velocimetry. A space and time correlation and condi-
tional average were adopted to analyze the moving path of 
the shedding vortex. The large-scale fluctuation was pro-
posed as a self-excitation motion. Tinney and Ukeiley [4] 
performed an investigation into the flow over a three-   
dimensional double BFS using oil-flow visualization and 
particle image velocimetry. It was found that there were 
some similar features in both three-dimensional and two- 
dimensional flows. The development of horseshoe vortices 
was introduced by the geometry of the three-dimensional 
model. The quasi-periodic shedding of the horseshoe vorti-
ces was thought to cause the large turbulent fluctuation. A 
numerical study on passive control of BFS flow was carried 
out by Neumann and Wengle [5]. Flow over a BFS with a 
surface-mounted control fence was simulated by direct nu-
merical simulation and large-eddy simulation resulting in an 
understanding of the controlling effect at Reh=3000. Results 
were in good agreement with each other and showed that 
there was a certain minimum distance between the step edge 
and the position of the control fence for achieving a maxi-
mum reduction of the reattachment length. 

Traditional flow visualization techniques such as smoke- 
wire technique and hydrogen bubble techniques are mainly 
used in experimental research on low-speed gas and water. 
Schlieren, shadow and interference methods, which can 
realize non-intrusive measurements on flow structures, en-
countered the problems of integral effects and low spatial 
resolution, and are not suitable for measuring the compli-
cated structures of high speed turbulence that requires high 
spatiotemporal resolution [6]. In addition, planar laser in-
duced fluorescence and filtered Rayleigh scattering are in-
adequate for low scattering signals and low signal-to-noise 
ratios (SNRs). Nano-based planar laser scattering (NPLS) is 
a new flow visualization technique for measuring fine 
structures of supersonic/hypersonic flow. Its spatial resolu-
tion can reach the micrometer scale, with a time resolution 
of 6 ns, and the temporal correlation resolution can reach 
0.2 μs [7,8]. 

In this paper, NPLS is adopted to visualize the superson-
ic laminar flow over a BFS (SLF-BFS) and supersonic tur-
bulent flow over a BFS (STF-BFS). The holistic structures 
of these flow fields and the fine structures of four typical 

local regions are presented. The spatiotemporal evolution 
features of the transient flow fields and the time-averaged 
flow structures are studied and analyzed. Discrepancy of 
these two flows are discussed in terms of the boundary layer, 
free shear layer and compression wave, length of recircula-
tion region, location of reattachment point, and recovery of 
the redeveloped boundary layer.  

1  Experimental setup 

1.1  NPLS technique 

NPLS, which solves the problem of particles’ following 
ability in a supersonic/hypersonic flow field, is a visualiza-
tion technique for measuring fine flow structures in high 
speed and complicated flow fields using nanoparticles for 
tracing. As shown in Figure 1, the NPLS system used in this 
study is composed of light source, imaging, restoring and 
controlling systems. A dual-cavity Nd:YAG pulsed laser is 
used as the light source, which emits two laser beams of 6 
ns pulse width according to the schedule set by a synchro-
nizer. A light sheet, less than 1 mm thick, illuminates the 
flow field of interest. Because of the excellent following 
ability of nanoparticles, they can cope with complicated 
structures in supersonic flow fields and scatter laser light 
effectively to generate high SNR images [8–11]. An inter-
line transfer double-exposure CCD, whose resolution is 
2k×2k with a shortest double-exposure interval of 0.2 μs, 
takes charge of imaging. The synchronizer, which has an 
accuracy of 250 ps, can adjust the time when the laser emits 
and the CCD takes exposures according to signals from the 
computer; thus ensuring that the two laser beams are ex-
posed in the frames of dual-exposure. The computer is used 
to set the parameters of the synchronizer, storing and pro-
cessing images. 

1.2  Supersonic wind tunnel and the testing model 

Measurements on flow structures of supersonic BFS flow 
were carried out in a Ma=3.0 low-noise wind tunnel which 
ran in an indraft mode. The incoming flow was dried and 
dust free, and the total pressure and stagnation temperature  

 

 

Figure 1  NPLS testing system. 
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were P0=1 atm and T0≈300 K. The nozzle was designed 
based on a B-spline curve which eliminated waves in the 
expansion section of the nozzle. Results from numerical 
simulation and experimental testing showed that a nozzle 
designed by this method could generate a supersonic flow 
field suitable for measuring fine structures in turbulence 
[12,13]. As shown in Figure 2, the cross section of the test-
ing chamber was a 100 mm × 120 mm rectangle, and the 
dimensions of its two side faces encased with high quality 
optical glass for imaging were 250 mm × 120 mm. 

The testing model for a 2D BFS is shown in Figure 3, for 
which the step height h was 5 mm, the spanwise length d 
was 120 mm, and the distance between the wall downstream 
the step and the ceiling of the testing chamber H was 80 mm. 
These parameters, as shown in Table 1, ensured a d/h≥10 
and an expansion ratio of Er=1.067, which enabled the flow 
to be considered two-dimensional. By changing the surface 
roughness of the wall upstream step, supersonic laminar and 
turbulent flows can be generated. 

2  Visualization and analysis of fine flow struc-
tures 

2.1  Flow structures of the SLF-BFS 

According to the text above, the high SNR NPLS image is 
generated by gathering the light scattered by tracing nano-
particles in the testing flow field. The excellent following 
ability of the particles ensures that the distribution of the 
scattering light can reveal complicated flow structures. As 
shown in Figure 4, it is the NPLS image of the SLF-BFS 
transient flow field, which distinctly reveals the structures 
of the whole flow field and its evolution. Light from the  
 

 

Figure 2  Ma=3.0 low noise supersonic wind tunnel. 

 

Figure 3  Testing model of the two-dimensional BFS. 

main flow region is scattered evenly because the nanoparti-
cles are distributed uniformly. However, scattered light 
from the boundary layer and recirculation region is weak 
due to fewer nanoparticles in these regions. As shown in 
Figure 4, the supersonic laminar boundary layer forms on 
the wall upstream from the step and its thickness increases 
slowly along the streamwise direction. After passing over 
the step, it accelerates while its density decreases because of 
the sudden geometric expansion of the wall and the impact 
from the expansion waves. The region of expansion waves 
in Figure 4 is relatively darker. A free shear layer is formed 
between the separated flow and the recirculation region at 
the corner of the step. Several compression waves, which, 
based on large numbers of experimental results, are thought 
to be induced by the K-H vortices in the free shear layer, 
converge into a reattachment shock. Reattachment occurs 
somewhere downstream from the step generating a recircu-
lation region between the reattachment point and the step. 
There is a distinct development of a new boundary layer 
after reattachment with its thickness increasing and struc-
tures evolving rapidly. 

By repeating measurements and performing an averaging 
process, a time-averaged flow field can be obtained, as 
shown in Figure 5. Although some transient characters are 
blotted out in the averaging process, some flow unsteadi-
ness is also eliminated, which is convenient for acquiring 
and analyzing the time-averaged structural features. From 
Figure 5 it can be seen that the supersonic laminar boundary 
layer is thin and hardly increases within the ∆X=5h distance 
upstream from the step, compared with the rapid increase of 
the redeveloped supersonic turbulent boundary layer. Nev-
ertheless, the structure of the free shear layer generated by 
separation is heavily obliterated while structures of the ex-
pansion wave fan and reattachment shock are more evident. 
Structures of the boundary layer, expansion region, and re-
attachment shock in this figure can be identified using the 
image analyzing technique based on the grayscale variation 
and Canny edge detection technique [13]. Measurements 
show that the angle of expansion wave fan is 25.5°, while 
that of reattachment shock is 13.4° and the redeveloping 
supersonic turbulent boundary layer increases at an angle of 
4.6°, indicating that the separated supersonic laminar 
boundary layer is unstable and can easily change into tur-
bulence.  

2.2  Flow structures of STF-BFS 

Figure 6 shows the transient flow field of the STF-BFS. As 
the dependent region of the flow field downstream, the su-
personic turbulent boundary layer upstream from the step 
greatly affects the structures of separation, reattachment and 
redevelopment, which results in a distinct discrepancy to the 
SLF-BFS flow field. First, a supersonic turbulent boundary 
layer is thicker than a laminar one as shown in Figure 4 and 
creates structural irregularity and intensive fluctuations and  
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Table 1  Parameters of the 2D BFS testing model 

h d d/h H Er = H/(Hh) Ma∞ T0∞ P0∞ Reh=ρυh/μ 

5 mm 120 mm 24 80 mm 1.067 3.0 300 K 1 atm 3.85322×104 

 
 

 

Figure 4  NPLS image of the SLF-BFS transient flow field. 

 

Figure 5  Time-averaged flow field of the SLF-BFS. 

 

Figure 6  NPLS image of the STF-BFS transient flow field. 

transport in the whole flow field. It greatly contrasts with 
the separated boundary layer in Figure 4 which is an unsta-
ble and transition process. Second, by comparing Figures 4 
and 6, it can be seen that the recirculation region is shorter 
in the STF-BFS flow field with a reattachment point much 
closer to the step. Third, with regard to the supersonic  
turbulent flow field in Figure 6, no K-H vortices appear in 
the free shear layer, but the angle of the shear layer and  
the lower wall of the model is larger. These three points 
indicate that supersonic turbulence is hard to separate and 
more stable when it suffers from the effect of geometric 
variety. 

The results of measurements on the time-averaged flow 
field of the STF-BFS, as shown in Figure 7, reveal that the 
angle of the expansion wave fan increases to 34.6° due to 
the decrease in the recirculation region, while the reattach-
ment shock is still 13.4° inclined to the wall. This is the 
same as in Figure 5, which means the reattachment shock is 
related to the compression effect of the wall downstream 
from the step. However, the redeveloped boundary layer in 
this condition increases by an angle of only 1.86°. 

 

 

Figure 7  Time-averaged flow field of the STF-BFS. 

2.3  Time-evolution of flow structures 

The time-evolution of the SLF-BFS flow field is revealed in 
Figure 8 where the interval between the two figures is 10 μs. 
Structures at three typical locations are selected and com-
pared. Structure A at t1 is the state of separated free shear 
when it changes from laminar flow into K-H vortices. After 
10 μs development, as the arrow ‘a’ reveals at t2, this struc-
ture mainly suffers from shearing distortion with its move-
ment downstream, shown by its transformation. Structure B 
is the more fully developed K-H vortices after a distance of 
3h compared with Structure A. Because of the expansion 
effect caused by the movement of the shear layer inclined to 
the wall and the impact of reattachment, the corresponding 
structure ‘b’ at t2, which is similar to the streamwise struc-
ture of the Λ vortex in the supersonic flat-plate boundary 
layer [14], expands to a certain extent because of a three- 
dimensional effect [4]. In addition, the transformation of the 
K-H vortices induces the variation in compression waves. 
The redeveloped turbulent boundary layer after reattach-
ment as shown at ‘C’ and ‘c’, mainly represents the vortex 
transformation caused by the high frequent fluctuations and 
transport. 

Compared with the SLF-BFS, the time-evolution of the 
STF-BFS flow field is characteristic for an inclined struc-
ture around the reattachment point as revealed by ‘A’ and 
‘B’ in Figure 9. There are two main reasons: the near wall 
region of the structure after reattachment suffers from the 
viscosity and converse pressure effects along the stream- 
wise direction; and the upside part of the structure acceler-
ates due to the effect of expansion waves upstream. 

2.4  Fine flow structures in four typical regions 

Four typical regions of 4h width are selected to be measured 
and studied further, as shown by A, B, C and D in Figure 4. 
Region A is located at a 4h distance upstream from the step,   

 

 

Figure 8  Time-evolution of the SLF-BFS flow field. 
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Figure 9  Time-evolution of the STF-BFS flow field. 

where the supersonic flat-plate boundary layer is the main 
structure and impacts the other regions downstream, thus it 
cannot be neglected. It is convenient for comparison that the 
4h wide testing range is determined according to the re-
quirements of the numerical simulation and matches with 
most former studies. The center of Region B is located 4h 
downstream from the step covering most of the recirculation 
region. In fact, this region contains the most complicated 
structures which are the main points in the studies on BFS 
flow. Scattered light from the step corner is intense and 
greatly affects the experiments. Thus, to avoid it, Region B 
is moved downstream and does not cover the whole recir-
culation region. Although some structures that deserved to 
be studied were lost because of this experimental configura-
tion, the basic features of the recirculation region are still 
contained in Region B. As for Region C, the reattachment 
occurs 8h downstream from the step. Studies on incom-
pressible BFS flow generally consider that the reattachment 
point is at the location of X =

 7h. The last Region D is 
moved 12h downstream from the step, where the new 
boundary layer redevelops after reattachment. As impacts 
from the other regions upstream are revealed synthetically 
in Region D, it is usually selected as an important region for 
testing the controlling effect upstream. The fine structures 
of these testing regions are shown in Figures 10–13. 

(i) Boundary layer on the wall upstream from the step. 
Figure 10 reveals the fine structures of the supersonic lami-
nar (a) and turbulent (b) boundary layers which form on the 
flat-plate surface upstream from the step. It can be estab-
lished that in Region A the thickness of the laminar bound-
ary layer is about 0.1h which develops slowly and stably 
without any distinct structures. However, the turbulent 
structure is 1h thick with small-scale vortex structures seen 
clearly in the figure due to its intense fluctuation, which 
results in more nanoparticles in the turbulent boundary layer. 

(ii) Recirculation region.  Figure 11 depicts structures 
such as the recirculation region, free shear layer and com-
pression waves. As for the transient flow field on the left in 
Figure 11, the supersonic boundary layer, which comes 
from Region A upstream, remains laminar within the range 
of X<3h after its separation from the step. With its move-
ment towards the wall downstream, the shearing extent   

 
Figure 10  Boundary layer upstream from the step in SLF-BFS (a) and 
STF-BFS (b), corresponding to Region A in Figure 4.  

 
Figure 11  Flow structures around the recirculation region in SLF-BFS  
(a) and STF-BFS (b), corresponding to Region B in Figure 4.  

between this separated flow and the recirculation region 
increases, and K-H vortices gradually appear after X>3h. 
Reattachment occurs downstream after supersonic flow 
separates. The range from the step point to the reattachment 
point is the recirculation region for which the length is de-
termined by quantitative measurements. In this case, it can 
be judged that the supersonic laminar flow reattaches 
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somewhere out of Region B, and its location Xr is more than 
6h. In addition, the intensity of compression waves gener-
ated by the SLF-BFS flow is weak, which can be vaguely 
discerned in the figure. These waves will converge into a 
reattachment shock with its radiation downstream. Note that 
the generation of compression waves relates to the K-H vor-
tices in the shearing layer. 

The flow field of the STF-BFS is shown in Figure 11(b). 
Even though it is in the same Region B as the SLF-BFS, its 
structures differ due to a short recirculation region. Weak 
signals at X=3h–4h near the wall reveal the approximate 
reattachment location. Recirculation and the shearing layer 
are not distinct in this testing region, but according to the 
location of the reattachment point the length of the recircu-
lation region is determined to be 3h–4h. The separated tur-
bulent boundary layer collides on the wall after reattach-
ment, generating a ridge-like structure. A distinct reattach-
ment shock occurs at X=6h, but without the convergence of 
several compression waves into the reattachment shock. 

(iii) Reattachment region.  It is considered that reat-
tachment occurs at the location of X =

 7h downstream from 
the step according to former studies on incompressible 
flows. The so-called reattachment region is actually the 
range where reattachment point locates and wanders along 
the stream due to flow instability. Although the location of 
reattachment needs to be determined by quantitative analy-
sis, it can still be shown qualitatively that the reattachment 
is located at X=7h–7.5h measured by NPLS as indicated in 
Figure 12(a). This is because the shearing layer terminates 
here according to the analysis based on the grayscale distri-
bution. The redeveloped boundary layer rapidly experiences 
transition with its structures varying acutely at X=7.5h–10h. 
In addition, the phenomenon of compression waves con-
verging into a reattachment shock becomes more evident 
because of the compression effect of the wall when the sep-
arated supersonic flow impinges on it. 

According to the test above, reattachment occurs in Re-
gion B for the STF-BFS flow in Figure 12(b), and thus the 
reattachment shock and redeveloped boundary layer are the 
main structures here in Region C. The reattachment shock is 
more intense and the new turbulent boundary layer develops 
without an obvious increase, but with vortices created by 
cracking. 

(iv) Recovery region after reattachment.  The main flow 
structure downstream after reattachment is the redeveloped 
supersonic boundary layer. Flow structures of the recovery 
region in the SLF-BFS are shown in Figure 13(a). The re-
developed boundary layer changes into supersonic turbu-
lence but is not fully developed. Comparing it with Figure 
11(a) and Figure 12(a), the supersonic laminar boundary 
layer experiences an obvious process including separation, 
reattachment and recovery with its structure evolving and 
thickness increasing because of the step. At the location 
X=14h this supersonic turbulent boundary layer is 1.0h thick 
and 10 times that in Region A. Thus the effect of separation  

 
Figure 12  Flow structures around the reattachment region in SLF-BFS (a) 
and STF-BFS (b), corresponding to Region C in Figure 4.  

 
Figure 13  Flow structures of the recovery region in SLF-BFS (a) and 
STF-BFS (b), corresponding to Region C in Figure 4. 
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on the transition and increase of the supersonic laminar 
boundary layer is quite evident. 

Structures of the turbulent boundary layer in Region D 
evolve rapidly as shown in Figure 13(b). Comparing it with 
those in Figures 10, 11 and 12, the turbulent boundary layer 
in Figure 13 contains many more small-scale structures and 
shedding vortices, which are brought about by the cracking 
of large-scale structures in the boundary layer upstream. 

3  Conclusions 

Supersonic flow over a BFS is of great importance in many 
applications as a typical flow field inside engines and on the 
surface of high speed aircraft. NPLS was adopted in this 
paper to measure and analyze SLF-BFS and STF-BFS. 
Compared with traditional techniques such as the Schlieren 
and shadow, NPLS can distinctly reveal fine flow structures 
and temporal and spatial evolution with spatial resolution of 
up to a micron magnitude and temporal resolution of 6 ns, 
which makes it propitious for studying flow mechanisms. 

SLF-BFS is unsteady and prone to separation with a long 
recirculation region and a new boundary layer after reat-
tachment, rapidly changing into turbulence. In the process 
of separation, reattachment, transition and redevelopment, 
the boundary layer clearly evolves and increases at an av-
eraged angle of 4.6° after reattachment. Compression waves, 
which are induced by the K-H vortices in the shearing layer, 
converge into a reattachment shock downstream. The reat-
tachment point locates at about X=7h–7.5h according to 
analysis based on grayscale images. The time-evolution of 
K-H vortices reveals the impacts from shearing, expansion, 
reattachment and three-dimensional effects. 

Characterized by intensive fluctuations and transport, 
STF-BFS is more stable and difficult to separate than the 
SLF-BFS. Its recirculation region is shorter with its reat-
tachment point located at around 3h–4h. Although there are 
no K-H vortices and obvious compression waves, the same 
averaging angle of the reattachment shock with the SLF- 

BFS indicates the same compression effect from the wall on 
the separated flow. The boundary layer after reattachment 
increases slowly while its structures evolve distinctly with 
small-scale structural shedding. The main characteristics of 
the large-scale structures before and after reattachment are 
the inclining and transformation due to the impacts from 
expansion, near wall viscosity and converse pressure. 
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