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The experimental investigation of supersonic flow over a hemisphere was conducted using Nanoparticle-based Planar Laser Scat-
tering (NPLS) technique in a supersonic quiet wind tunnel at Ma=2.68. Ahead of the hemisphere, boundary layer separation with 
the formation of a three-dimensional separated flow was observed, which was resulted from the interaction between the 
three-dimensional bow shock wave and the boundary layer. The complex flow structures of supersonic flow over the hemisphere 
were visualized. Based on the time correlation of NPLS images, time-space evolutionary characteristics of supersonic flow over 
the hemisphere were studied, and the evolutionary characteristics of the spanwise and streamwise large scale vortex structures 
were obtained, which have the features of periodicity and similar geometry. 
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The protuberance is mounted on the surface or flow channel 
of the supersonic or hypersonic vehicle and the local struc-
ture of the flow field will be changed. Currently, achieving 
flow control has been becoming a research hotspot of su-
personic flow. The study of the supersonic plate boundary 
layer and its interaction with the hemisphere has broad ap-
plication background and high scientific value. The mutual 
interference of the hemisphere and supersonic flow gener-
ates complex flow field structures, which contain the 
three-dimensional detached shock wave, the surface topo-
logical structure, the circulating region in the downstream, 
the reattached shock wave and the wake. The complex flow 
field structures show the characteristics of the supersonic 
flow over a protuberance on the surface. Therefore the 
hemisphere can be used as a typical model to study the 
mechanism of the supersonic flow over a protuberance on 
the surface, and is also used to verify some questions that 
are disputed at present, such as the interaction of the 
three-dimensional curved shock wave and the boundary 

layer, the effect of the lateral pressure gradient on the sur-
face flow spectrums and the dynamic characteristics of the 
supersonic vortical structure. 

Unfortunately, the influences of strong discontinuity and 
diffusion factors, such as compressibility, turbulence, large 
scale structure, shock waves and slip line, make it difficult 
to get the fine structure of supersonic flow over a hemi-
sphere by means of high resolution numerical simulation 
and measurement. Hawthorne and Martin [1] studied the 
flow over a hemisphere on the flat plate by means of calcu-
lation method in 1955. Zhang [2] studied the interaction of 
the shock wave and boundary layer about the external flow 
and internal flow, and provided the photos of typical flow 
spectrums of different experimental models, including the 
photos of supersonic flow over a sphere. Some research 
institutions have studied the typical flow field structures of 
the supersonic flow over different models by means of ex-
perimental and numerical methods at home and abroad, and 
the models included the cylinder [3–13], the boss [5,6], the 
blunt fin [5,12], the wedge-shaped obstacle and sweptback 
step [13], and the cone [14,15], which were used to study 
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the problems of the three-dimensional flow field structure, 
the interaction of the shock wave and the boundary layer, 
and boundary layer separation. Korkegi [16,17] and Sedney 
[18,19] surveyed and analyzed the experiments of super-
sonic flow over high and low protuberances. Panov and 
Shvets [20] analyzed the experimental data of the interac-
tion of shock waves with a turbulent boundary layer, and 
gave an empirical relationship between the critical pressure 
of the shock wave induced separation of the boundary layer 
and the mach number of the incident flow. 

In recent years, nanoparticle-based planar laser scattering 
(NPLS) which is used to measure the supersonic flow was 
developed at the National University of Defence Technolo-
gy (NUDT). The experimental system (NPLS) has been 
used in the research of supersonic mixing layer [21–24], 
boundary layer [25], flow over aircrafts and the aero-optical 
[26,27], and the numerous experimental data was obtained 
and had made some progress in the fields. In this paper, 
based on the characteristics of high resolution flow visuali-
zation of the NPLS system and combined with numerical 
simulation technology, the fine structures and evolutionary 
characteristics of supersonic flow over a hemisphere were 
made a deep study. 

1  Experimental  

1.1  Supersonic quiet wind tunnel 

The experiments were conducted in a supersonic quiet wind 
tunnel (KD-2) at the National University of Defense Tech-
nology (NUDT), at Ma=2.68, the total pressure of inflow is 
1 atm, and the total temperature is 300 K. The wind tunnel 
was mainly composed of transition section, stability section, 
nozzle, test section and vacuum tank. The transition section 
is used to collect air from the ambient atmosphere, and the 
air is dried and rectified in the stability section. The inflow 
has lower velocity, better uniformity and lower turbulence. 
Air-breathing supersonic quiet wind tunnel has lower total 
pressure and smaller Reynolds number in experiment sec-
tion than the blow-down wind tunnel, which is helpful to 
achieve the laminarization of nozzle. The nozzle and test 
section were integrated, and the optical windows are de-
signed in the walls of test section. The dimensions of the 

test section are 200 mm×200 mm with the length of 400 
mm. Figure 1 shows the setup and schematic of the super-
sonic quiet wind tunnel. 

1.2  NPLS experiment technique 

The NPLS experimental system is a new technique for flow 
visualization, which uses nanoparticles as the tracer parti-
cles, which was developed by Zhao et al. [28]. The sche-
matic of NPLS experimental system is illustrated in Figure 
2. Due to the high spatial and temporal resolutions and high 
signal-noise ratio (SNR), the NPLS can clearly show the 
fine vortical structure in turbulent boundary layer, and di-
rectly manifest the peripheral flow field structure around a 
hemisphere and its effect on turbulent boundary layer. The 
system is used in the paper which is similar to the NPLS 
system of Zhao et al. 

The illumination is a double-pulsed Nd:YAG laser, with 
output wavelength 532 nm, pulse energy 350 mJ at 6 ns. 
The actual exposure time of the camera is the same as the 
laser pulse by utilizing a filtering instrument. The instanta-
neous structures of the supersonic flow field will be rec-
orded. The imaging device we used is an IMPERX digital 
camera, equipped with a NIKON 105 mm lens. The maxi-
mum magnification is 1:1, and the resolution of the CCD is 
4096×2600 pixels. Two frames will be captured through 
external trigger, and the captured image data will be real 
time transmission to a computer memory by the image ac-
quisition board. The trigger signal is provided by a syn-
chronous controller, and thus can keep synchronous with 
the pulse laser. Tracing flow with nanoparticles is the core 
of NPLS, and the KD-5 nanoparticles generator is used in 
this study. The calibration experiments proved that the av-
erage diameter of generated nanoparticles is about 45 nm, 
which has good flow-following ability. The changes in 
speed and density in flow field will directly influence the 
concentration of nanoparticles and thus cause the change of 
image grayscale. 

A schema of the NPLS is shown in Figure 2. The com-
puter controls the collaboration of every component and 
collects the experimental images. The computer software 
generates signals of synchronizer, which controls the col-
laboration of other components. The timing diagrams of 

 

 

Figure 1  The setup and schematic of the supersonic quiet wind tunnel. 
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Figure 2  Schematic of NPLS experimental system. 

exposure of CCD and laser output of pulse laser can be ad-
justed according to the purpose of measurement. The laser 
beam is transformed into a sheet with cylindrical lens. The 
nanoparticle generator is driven by high pressure N2 gas, 
and the output particle concentration can be adjusted pre-
cisely by changing the pressure. While measuring a flow 
field with NPLS, the nanoparticles are injected into and 
mixed with the inflow of flow field. While the flow is es-
tablished in the observing widow, the synchronizer controls 
the laser pulse and CCD to ensure synchronization of scat-
tered laser by nanoparticles and the exposure of CCD. 

1.3  Experimental model 

The interactions of supersonic flow past a hemisphere were 
studied by mounting vertically the hemisphere on the sym-
metrical plane of a flat plate in the test section, and the flat 
plate is mounted on the braces, which is parallel to the di-
rection of the inflow. The model of the test section and the 
coordinate system with respect to the hemisphere are shown 
in Figures 3 and 4, and the origin of coordinates is the cen-
tre of the hemisphere. The dimensions are as follow: 500 
mm in length and 196 mm in width for the flat plate; radius 
of the hemisphere is R=10 mm, and the distance L is 132 
mm from the centre of the hemisphere to the leading edge  

 

 

Figure 3  Schematic of the test section (①②③ represents the optical 
windows). 

 

Figure 4  The coordinate system of the model. 

of the plate; R/δ=2.5, and δ represents the thickness of the 
supersonic flow boundary layer near the hemisphere. 

To obtain the images of the interactions of supersonic 
flow past a hemisphere, the laser sheet is used to illuminate 
the flow and CCD camera is positioned vertical to the laser 
sheet. The laser sheet is positioned vertical to the plate and 
parallel to the incident flow. When we shoot the streamwise 
flow, the laser sheet is positioned horizontal to the plate and 
parallel to the incident flow, in order to shoot the spanwise 
flow. Schematics of shooting the flow field are shown in 
Figures 5 and 6. 

 

 

Figure 5  Schematics of shooting streamwise flow field. 
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Figure 6  Schematics of shooting spanwise flow field. 

2  The shock wave structures  

Figure 7(a) and (b) show the NPLS images of supersonic 
flow over a hemisphere in the x-y and x-z planes with dif-
ferent positions of the laser sheet. Supersonic flowing over a 
hemisphere on the flat plate, a strong three-dimensional 
bow detached shock wave is observed, and as a result of the 
interaction of the shock wave and boundary layer, the 
three-dimensional bow boundary layer separated region is 
visualized ahead of the hemisphere as shown in Figure 7, 
marked by ⑥. In the supersonic flow field, there is a sub-
sonic region in the boundary; however, the shock wave can 
be observed only in the region of supersonic, and it cannot 
extend to the plate through the boundary layer. This is 
shown clearly in Figure 7(a). The high pressure airflow be-
hind the three-dimensional bow shock wave transfers up-
stream by the subsonic region in the bottom layer, and the 
strong adverse pressure gradient is formed in boundary lay-
er. With the action of the adverse pressure gradient, the 
pressure of the upstream increases in the boundary layer 
which induces the laminar boundary layer thickening, tran-
sition and separation, and this induces a system of weak 
shock waves. The results are shown clearly in Figure 7(a), 
marked by ④. 

Behind of the hemisphere, the complex trailing shock 
waves and a neck of wake are observed, as shown in Figure 
7 and marked by ②, ③ and ⑤.  

By contrasting and analyzing the NPLS images in the x-z 
and x-y plane, we know that the starting position of the re-
attachment shock wave is changing. The position of the 
laser sheet is changed from y=0 to y=10 mm, the height of 
starting position of the reattachment shock wave decreases 
gradually, and the distance in x direction increases at the 
beginning and then decreases, as shown in Figure 7 and 
marked by ②. 

There are large-scale vortices generated behind the hem-
isphere, and the shocklets are induced whose intensity 
weaken and disappear while the vortexes move downstream, 

as shown in Figure 7 and marked by ②. Based on the 
NPLS images, the strong bow shock waves and expansion 
waves are formed near the hemisphere, which cause larger 
pressure-gradient, and with the interactions of streamwise 
velocity the trailing vortexes are induced. The airflow con-
tinuously sheds from the hemisphere, and is drawn contin-
uously into the evolving streamwise vortexes. In the process 
of the continuous shedding and involution of vortexes, the 
low-speed flow is also drawn into the high-speed main 
stream, and forms streamwise vortexes whose velocity is 
lower than the velocity of main stream. Therefore, the local 
high-speed flow is blocked by the large scale vortex struc-
tures, and induces the evolving shocklets. As the flow 
moves downstream, the vortexes are accelerated by the high 
speed main stream, and the velocity of vortexes is gradually 
getting close to the velocity of main stream, which makes 
the comparative speed between the main stream and vor-
texes decrease. Therefore it is one of the reasons that the 
intensity of shocklets are weakened and disappeared. 

3  The vortex structures 

The NPLS images of supersonic flow over the hemisphere 
in the x-y and x-z plane are shown in Figure 8. The x-y im-
ages correspond to the flow field of the streamwise at the 
plane y=0, and the x-z images correspond to the flow field 
of the spanwise at the plane z=2 mm. The large scale turbu-
lent coherent structures are observed behind the hemisphere. 
As shown in Figure 8, there are different zones of the grey 
scale in supersonic flow over the hemisphere. According to 
the basic principle of the NPLS, the lower of the airflow 
density and the lower of the nanoparticles concentration, the 
corresponding intensities of scattered light are weaker. 
There is a low density and pressure region behind the hem-
isphere which makes the grey scale lower. 

Figure 8(a) shows that the large scale vortex structures in 
x-z plane behind the hemisphere have the geometric charac-
teristics of periodicity and similarity. During the time inter-
val of 15 µs, the displacement of the large scale vortices is 
obvious, and the changes of vortex structures are unobvious, 
which illustrates that the vortex structures in x-z plane have 
the characteristics of rapid transition and slow distortion 
along x direction. Based on the cross-correlation algorithm 
[29], the displacement of the large scale vortex structures 
increases gradually in x direction, 7.4 mm, 8.3 mm and 8.9 
mm. From this we can judge, as a result of the exchange of 
energy, momentum and mass between the high-speed flow 
and bottom low-speed flow, the vortex structures are con-
stantly accelerated in x direction. 

Figure 8(b) shows that the vortex structures in x-y plane 
present obvious changes, but the evolutionary characteris-
tics of the vortex structures can be identified, which illus-
trates that the large scale vortex structures in x-y plane have 
the geometric characteristics of periodicity and similarity. 
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Figure 7  The NPLS images in the x-y and x-z planes with different positions of the laser sheet. (a) The images in the x-z plane with different positions of 
laser sheet (the laser sheet planes are as y=0, 5 and 10 mm); (b) the images in the x-y plane with different heights of laser sheet (the laser sheet planes are as 
z=2, 5, 8 and 10 mm). ① The three-dimensional bow detached shock wave; ② the reattachment shock wave behind the hemisphere; ③ shocklets; ④ a 

system of shock waves ahead of the hemisphere; ⑤ a neck of the wake; ⑥ the transition and separated region; ⑦ shade tape. 

 

Figure 8  The NPLS images in x-z and x-y plane. (a) The NPLS images of the supersonic flow over the hemisphere at the plane y=0 (The stride frame time 
is 15 µs, the images’ corresponding actual height and length of flow field are 23 mm and 190 mm, the spatial resolution is 0.0475 mm/pixel, and the distance 
from the left end of the images to the leading edge of the plate is 132 mm); (b) the NPLS images of the supersonic flow past a hemisphere at the plane z=2 
mm (The stride frame time is 15 µs, the images’ corresponding actual width and length of flow field are 30 mm and 120 mm, the spatial resolution is 0.03 
mm/pixel, and the distance from the left end of the images to the leading edge of the plate is 132 mm). 
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Contrasting the vortex structures in x-z and z-y planes, we 
can know that the evolution of vortex structures in x-y plane 
is faster and more obvious than the changes in x-z plane, 
which indicates the characteristics of rapid moving and 
changing. Based on the cross-correlation algorithm, the 
similar results to the vortex structures in x-z plane were ob-
tained, the displacement of the large scale vortex structures 
increases gradually in x direction, and the vortexes struc-
tures are constantly accelerated in x direction. 

The NPLS images and the density contour in the x-y and 
x-z plane are shown in Figure 9. With the interaction be-
tween the three-dimensional bow shock wave and the su-
personic laminar boundary layer, a separated region is 
formed in the boundary layer with the formation of an open 

three-dimensional separated region ahead of the hemisphere. 
The vortex structures in the separated region are strip 
shaped in the x direction, which are similar to the hairpin 
generated by the natural boundary layer transition. However, 
the vortex structures near the hemisphere evolve rapidly, 
which causes the time correlation of the two frames images 
bad, and it is difficult to determine the evolutionary charac-
teristics of the vortex structures with the time correlation of 
the static NPLS images. However the evolutionary charac-
teristics of the coherent vortexes structures can be observed 
by playing continuously two frames NPLS images. There is 
an expansion zone observed in the downstream of the re-
circulating region. In this paper, the flow field near the 
hemisphere is investigated numerically to observe further 

 

 

Figure 9  The x-z and x-y NPLS images, enlarged views and density contour near the hemisphere. (a) The x-z NPLS images, enlarged view and density 
contour near the hemisphere at y=0; (b) the x-y NPLS images, enlarged view at z=2 mm and density contour at z=0.1 and 2. 
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the features of the flow. Figure 9(a2) and (b2) are the nu-
merical results. According to the streamline direction, we 
can know that there is a separation region and a recirculat-
ing region with a rotation in clockwise direction generated 
in the upstream and downstream of the hemisphere respec-
tively, and an expansion zone is also observed near the re-
circulating region, which is similar to the fountain. 

Based on the results of the NPLS images and numerical 
study, in supersonic flow over the hemisphere on the flat 
plate, there is a separation region and a recirculating region 
with a rotation in clockwise direction generated in the up-
stream and downstream of the hemisphere respectively, and 
an expansion zone is observed near the recirculating region 
where the airflow moves outward and perpendicularly to the 
paper, one of the causes of which is the evolution of the 
three-dimensional vortex structures. 

4  Conclusions 

In this paper, using the technique of high resolution flow 
visualization which was developed recently, the high spati-
otemporal resolution images of supersonic laminar flow 
over the hemisphere were obtained. The analyzed results 
indicate that the structures of supersonic laminar flow over 
the hemisphere are very complex, especially which have 
extremely complex characteristics of the spatial structure 
and time evolution in the fields of the interaction between 
the three-dimensional detached shock wave and the bound-
ary layer, the circulating region in the downstream and the 
shock wave induced by the wake. The results indicated that 
the strong three-dimensional detached bow shock wave 
generates in the upstream, and the interaction between 
shock wave and boundary layer causes the three-      
dimensional high pressure zone to move upriver which in-
duces the laminar boundary layer instability and generates 
striped the structure of three-dimensional separations. At the 
downstream, a three-dimensional reattachment shock wave 
and the shocklets are observed, and a recirculating region 
with clockwise direction of rotation is formed. In the wake 
region, the large scale vortex structures show the character-
istics of the periodicity and geometric similarity. 

This work was supported by the National Natural Science Foundation of 
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