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Particle image velocimetry was applied to the study of the statistical properties and the coherent structures of a flat plate turbu-
lent boundary layer at Mach 3. The nanoparticles with a good flow-following capability in supersonic flows were adopted as 
the tracer particles in the present experiments. The results show that the Van Driest transformed mean velocity profile satisfies 
the incompressible scalings and reveals a log-law region that extends to y/=0.4, which is further away from the wall than that 
in incompressible boundary layers. The Reynolds stress profiles exhibit a plateau-like region in the log-law region. The hairpin 
vortices in the streamwise-wall-normal plane are identified using different velocity decompositions, which are similar to the 
results of the flow visualization via NPLS technique. And multiple hairpin vortices are found moving at nearly the same veloc-
ity in different regions of the boundary layer. In the streamwise-spanwise plane, elongated streaky structures are observed in 
the log-law region, and disappear in the outer region of the boundary layer, which is contrary to the flow visualization results. 
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Over the past few decades, considerable attention has been 
given to the study of compressible turbulence. However, 
due to the complexity of the compressible turbulent flows, a 
large amount of work has been devoted to the study of sim-
pler flows, such as flat-plate turbulent boundary layer, 
which has helped to improve our understanding of the com-
pressible turbulence. Until recently, considerable progress 
has been made in studying incompressible turbulent bound-
ary layers. In contrast, the progress in compressible flows, 
especially in supersonic flows, is still insufficient owing to 
the inherent difficulties both in experiments and in numeri-
cal simulations.  

In experimental studies, hot-wire anemometry (HWA) is 
the most common measurement technique for obtaining 
turbulence data in supersonic flows, but the uncertainty lev-
els are considerably higher than that in subsonic flows, as 
reported by Smits and Dussauge [1]. Particle image veloci-

metry (PIV) and laser Doppler velocimetry (LDV) have 
become useful tools for studying supersonic flows in the 
last two decades [2,3], but they are both limited by the par-
ticle response times and the seeding difficulties in 
high-speed flows. Although currently limited to relatively 
low Reynolds numbers, the numerical simulation methods 
such as direct numerical simulations (DNS) and large eddy 
simulation (LES) have become more and more important in 
the study of compressible turbulence. Recently, a few nu-
merical simulations of supersonic turbulent boundary layers 
have been performed. Pirozzoli et al. and Gatski et al. per-
formed DNS of a spatially evolving flat plate boundary 
layer at Mach 2.25 [4,5]. Huang et al. analyzed the proper-
ties of a supersonic turbulent boundary layer at Mach 4.5 
using temporal mode DNS [6], and investigated the coher-
ent structures in the wall region [7]. The simulation of a 
Mach 3 adiabatic turbulent boundary layer can be found in 
ref. [8] using LES, and ref. [9] using DNS. A review of the 
studies of supersonic turbulent boundary layers can be  
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found in ref. [10]. 
According to Morkovin’s hypothesis [11], for moderate 

Mach numbers, compressibility effects do not influence the 
dynamic behavior of turbulence directly, and the principal 
effect of high speeds is felt through the change in fluid 
properties. Experimental data reported by Smits and Dus-
sauge [10] also confirm that supersonic boundary layers at 
zero pressure gradient exhibit close similarities with incom-
pressible ones. However, recent experimental work has in-
dicated that the turbulent structures of subsonic and super-
sonic boundary layers are different in some ways [12]. 
Therefore, further investigations of the supersonic turbulent 
boundary layer are necessary. 

In this paper, the velocity measurements of a zero- pres-
sure-gradient turbulent boundary layer at Mach 3 have been 
performed using PIV technique. The nanoparticles were 
adopted as the tracer particles to provide higher accuracy 
measurements, due to its good flow-following capability in 
supersonic flows. The statistical properties, such as mean 
streamwise velocity profile, the distribution of the Reynolds 
stresses and the turbulent Mach number, are presented. And 
the coherent structures are identified using these PIV data in 
both the streamwise-wall-normal plane and streamwise- 
spanwise plane. These structures are compared with the 
flow visualization results via NPLS technique [13], which 
would provide a better understanding of supersonic turbu-
lent boundary layers. 

1  Flow facility  

The experiments were performed in the KD-03 supersonic 
wind tunnel of the Aerodynamics Laboratory at National 
University of Defense Technology. The test section dimen-
sions are 120(H)×100(W) mm2. In the present study, the 
wind tunnel was operated at a nominal Mach number of 3 
with a stagnation pressure of 101 kPa and stagnation tem-
perature of 300 K. The test boundary layer was developed 
in a nominally zero pressure gradient along the wall of the 
test section, with transition occurring naturally upstream in 
the nozzle. The experimental parameters are given in Table 1. 

2  PIV technique 

In order to improve the flow-following ability of the tracer  

Table 1  Experimental parameters 

Parameter Quantity 

M∞ 3 
T0 (K) 300 

P0 (kPa) 101.0 

Re (m1) 7.49×106 

U∞ (m/s) 620 

particles in supersonic flows, titanium dioxide (TiO2) parti-
cles with a nominal diameter of 20 nm and a bulk density of 
approximately 300 kg/m3 were adopted as the tracer parti-
cles in the present PIV experiments. The particle relaxation 
time across an oblique shock wave has been previously es-
timated to be p =0.15 s [14], and the corresponding Stokes 
number (based upon a flow time scale /U∞=16.5 s) was 
St=0.009 (<0.05), indicating that the chosen particles met 
the flow-following criteria suggested by Samimy and Lele 
[15]. 

The seeded flow was illuminated by a Q-switched dual 
cavity Nd:YAG laser, with 350 mJ pulsed energy and a 6 ns 
pulse duration at wavelength 532 nm. The laser beam is 
oriented by an articulated arm and focused as a uniform 
sheet by a cylindrical lens. The particle images were re-
corded by a 12-bit CCD camera with a resolution of 
2048×2048 pixels. In the present experiments, the boundary 
layer is to be described in a Cartesian coordinate system (x, 
y, z), where x, y and z denote the streamwise, wall-normal 
and spanwise directions, respectively. The respective ve-
locities are denoted by u, v and w. The instantaneous veloc-
ity fields were measured in a streamwise-wall-normal (xy) 
plane along the spanwise centerline of the test section, and 
two streamwise-spanwise (xz) planes at y/ =0.2 and 0.8, 
respectively. The field of view in the xy-plane was about 35 
mm × 35 mm, with a spatial resolution of approximately 17 
m/pixel. In the xz-planes, the fields of view were 80 mm× 
40 mm, and the spatial resolution was 40 m/pixel. The 
time delay between the two laser pulses was 0.5 s, which 
allowed a particle displacement in the free stream of ap-
proximately 0.3 mm (approximately 18 pixels in the 
xy-plane and 7.5 pixels in the xz-plane). An ensemble of 300 
particle images in the xy-plane was acquired to study the 
statistical properties of the boundary layer. Each image pair 
was interrogated using a 64×32-pixel window with an over-
lap factor of 50%. This resulted in a window size of 
1.1×0.56 mm2, and a vector spacing of about 0.28 mm (ap-
proximately 0.03 or 15 viscous wall units) in the wall- 
normal direction. Another 200 particle images were ac-
quired in each xz-plane to study the instantaneous structures 
of the boundary layer, using a window of size 32×16 pixels 
(1.3×0.64 mm2) with an overlap factor of 50%. 

3  The statistical properties of the boundary 
layer 

The turbulent boundary layer properties are summarized in 
Table 2, where * and  are the compressible displacement 
thickness and momentum thickness, respectively. The tem-
perature profile was calculated from the adiabatic Crocco- 
Busemann relation with a constant recovery factor r =1. The 
density profile was deduced from the temperature profile, 
assuming constant pressure across the boundary layer. The  
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Table 2  Turbulent boundary layer properties 

Parameter Quantity 

99 (mm) 10.2 

* (mm) 3.66 

 (mm) 0.68 

*/99 0.36 

/99 0.067 

H=*/ 5.38 

Re 5100 

Re 76500 

u (m/s) 29.9 

Cf 1.70×103 

 
 
friction velocity u was estimated using the method reported 
by Kendall and Koochesfahani [16]. 

3.1  Mean properties 

The mean streamwise velocity u+, transformed using the 
method of van Driest [17], is plotted versus y+ in Figure 1. 
The superscript (+) indicates normalization using u for the  

 
Figure 1  Van Driest transformed mean velocity profile. (a) Compared 
with Spalding’s universal velocity profile [18] and the standard log law 
profile; (b) compared with other numerical simulation results [5,8,9,22]. 

velocity and vw/u for the length, where u is the friction 
velocity and vw is the kinematic viscosity at the wall. The 
comparison of the mean compressible streamwise velocity 
profile with Spalding’s universal velocity profile [18] and 
the standard log law profile (with =0.41 and C=5.1) is 
shown in Figure 1(a). The result shows that the Van Driest 
transformed velocity satisfies the incompressible scaling 
and exhibits a log-law behavior in the range between y+=30 
(y/≈0.05) and y+=220 (y/≈0.4). Considering that the 
log-law region is usually y/<0.3 in incompressible bound-
ary layers, this region seems to extend farther in the 
wall-normal direction in the present boundary layer. How-
ever, this result is consistent with the previous experimental 
findings of Robinson [19], Kistler [20] and Ganapathi-
subramani [21], where the log-law region of supersonic 
boundary layers was extended to y/0.6. The van Driest 
transformed velocity profile associated with other numerical 
simulation results [5,8,9,22] is plotted in Figure 1(b). The 
present result shows a good agreement with the DNS data 
for 30<y+<330 (0.05< y/<0.6), despite a large difference 
between the present data and the LES result. The discrepan-
cies between the present data and the numerical simulation 
results in the near-wall region may be due to the measure-
ment errors of PIV. However, the discrepancies in the out-
ermost region are most likely due to the difference in the 
Reynolds numbers. To the authors' knowledge, no numeri-
cal simulation data exist for a Mach 3 turbulent boundary 
layer at similar experimental Reynolds numbers. 

3.2  Turbulent properties 

The turbulent Mach number defined by the root-mean- 
square (RMS) of streamwise velocity fluctuations and the 

local mean speed of sound ( /tM u a ) is plotted in 

Figure 2, which is found to be smaller than 0.23 across the 
boundary layer. This result is followed by the Morkovin’s 
hypothesis that for turbulent boundary layers on a flat plate 
with freestream Mach number smaller than 4, Mt is nowhere 
larger than 0.3. Morkovin also suggested that the com-
pressibility effect is small and can be neglected if the turbu-
lent Mach number is smaller than its threshold value Mt 
=0.3. Therefore, the compressibility effect in the present 
supersonic turbulent boundary layer can be neglected, and 
the turbulent properties can be compared to those of incom-
pressible boundary layers. However, the log-law region 
extending farther in the wall-normal direction in the present 
study is probably due to the large velocity gradient in su-
personic boundary layers. And the fact that the intermit-
tency profile in a supersonic boundary layer is fuller than 
the corresponding subsonic profile may be another explana-
tion, according to Smits et al. [12]. 

The velocity fluctuations of the boundary layer are 
shown in Figure 3, where <∙> denotes the RMS quantity. In  
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Figure 2  Distribution of the turbulent Mach number. 

 

Figure 3  Velocity fluctuations of the turbulent boundary layer. 

the present experiments, the freestream turbulent level does 
not exceed 2% derived from these results. The maximum 

value of u v   is 0.07%U∞ at approximately y/=0.26, 
while the maximum value of <v'> is 0.21%, keeping almost 
constant in the range 0.2<y/<0.4. Due to the measurement 
errors of PIV in the near-wall region, the maximum value of 
<u'> is unreliable plotted in Figure 3. Considering that the 
large-scale structures could cause larger velocity fluctua-
tions, one can infer that the large-scale coherent structures 
may exist in the region where the velocity fluctuations are 
large. Therefore, the region y/<0.4, which belongs to the 
log-law region, is believed to be the main region of the ex-
istence of the large-scale coherent structures in the present 
boundary layer. 

The Reynolds stresses 2u   and ,u v    normalized 

using the wall shear stress 2 ,w wu   are shown in Figure 

4 and 5 respectively, where the results of Urbin et al. [8], 
Smits et al. [12] and Muck et al. [23] are also displayed.  

 

Figure 4  Distribution of the Reynolds normal stresses. 

Due to a maximum absolute uncertainty of about 0.1 pixel 
(here, is equivalent to 3.5 m/s) on the displacement calcu-
lated from the correlation peak detection in the PIV meas-      
urements, the relative uncertainties of the nondimensional 
Reynolds stresses in the present experiments are found 
greater than 20% beyond y/=0.8. This may explain the 
relatively large discrepancies between the present Reynolds 
stress profiles and the other results near the edge of the 
boundary layer. Nevertheless, the present Reynolds normal 
stress profile shows a good agreement with the experimental 
results of Muck et al. [23] and Smits et al. [12] for 0.4<y/< 
0.8, despite a significantly higher Reynolds number Re in 
their flows. The LES result displays a relatively lower value 
than the experimental data for y/>0.4, which may be due 
to the low-Reynolds-number effects. In the near-wall region 
(y/<0.2), the present data show a good agreement with the 
experimental data of Smits, but a relative high value of the 
experimental data of Muck is found. However, large dis-
crepancies remain between the experimental data and the 
LES result. As shown in Figure 5, the agreement of the 
Reynolds shear stress profiles is excellent for 0.4<y/<0.8, 
but the peak value of the present data is lower than other 
results. The reason for the discrepancies between the ex-
perimental data and LES result may be attributed to the dif-
ferences in Reynolds number, although the experimental 
measurements in the near-wall region are subject to consid-
erable uncertainty. Besides, a plateau-like region between 
y/=0.2 and 0.4 in the present Reynolds normal stress pro-
file, and between y/=0.25 and 0.45 in the Reynolds shear 
stress profile can be observed respectively. Such feature is 
not found in the LES and Muck’s results, but similar feature 
in the Reynolds normal stress profile was reported by Ga-
napathisubramani in the region between y/=0.4 and 0.6. 
Whether it is a new feature of supersonic turbulent bound-
ary layers is not clear yet, and awaits further experimental 
and numerical studies. 
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Figure 5  Distribution of the Reynolds shear stresses. 

 

4  Instantaneous structures of the turbulent 
boundary layer 

4.1  Instantaneous structures in the xy-plane 

The hairpin vortex, first introduced by Theodorsen [24], is 
now widely accepted to be a primary feature of turbulent 
boundary layers. The signature pattern of the hairpin in the 
streamwise velocity field consists of a spanwise vortex core 
(as the head of a hairpin) located above a region of a VITA 
event [25]. Here, the VITA event, as defined by Black-
welder and Kaplan [26], represented the shear layer caused 
by the hairpins. This signature pattern has been commonly 
used to identify the hairpin vortices in incompressible 
boundary layers [25]. Considering the fact that, in the PIV 
measurements of supersonic flows, the time delay between 
each image pair must be very short (here t=0.5 s), thus 
the rotations of the spanwise vortices would be very small 
during this time delay. As a result, the spanwise vorticity 
calculated from the instantaneous velocity is unreliable, and 
can not represent the head of the hairpin correctly. There-
fore, only the VITA event can be used to detect the hairpin 
signature pattern in the velocity fields of a supersonic 
boundary layer. Although the hairpins inferred in this way 
may introduce some uncertainty, this can still provide a 
reasonable description of the hairpin vortices in the present 
boundary layers. 

In this paper, the VITA events are detected using Gali-
lean decomposition of the instantaneous velocity vector 
field. In Figures 6(a)–6(c), the velocity vector field is shown 
after subtracting convection velocities Uc = 0.6U∞, 0.8U∞ 
and 1.0U∞ respectively, and the VITA events are indicated 
by the solid black line. Following the criteria adopted above, 
the hairpin vortices are interpreted to exist at the location of 
these black lines. As shown in Figure 6(a), the small-scale 
hairpins can be found in the near-wall region (y/<0.1), 
moving at a relatively low convection velocity (Uc = 0.6U∞),  

 

Figure 6  Instantaneous velocity vector field shown in the xy-plane using 
several different types of vector decomposition. (a) Vectors viewed in a 
frame-of-reference convecting at Uc = 0.6U∞; (b) vectors viewed in a 
frame-of-reference convecting at Uc = 0.8U∞; (c) vectors viewed in a 
frame-of-reference convecting at Uc = 1.0U∞; (d) Reynolds decomposed 
fluctuating vectors. The flow is from left to right. 

the inclination angle ranges from 5° to 15°. In the log-law 
region (0.1<y/<0.4), large-scale hairpins can be identified 
in Figure 6(b), with a higher convection velocity at Uc = 
0.8U∞. The angle of inclination of the hairpins increases to 
20°–30°. In the outer region of the boundary layer (y/>0.6), 
a larger-scale hairpin structure with an inclination angle at 
approximately 40° is seen in Figure 6(c), which is moving 
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at nearly the free stream velocity. It should be noticed that, 
using the Galilean decomposition, only the hairpin vortices 
moving with the selected convection velocity can be ob-
served, and the hairpin vortices are randomly distributed in 
different regions of the boundary layer using different in-
stantaneous velocity vector fields. Reynolds decomposition 
by subtracting the averaged velocity field from the instan-
taneous velocity field is another vector decomposition 
method used in this paper. Figure 6(d) shows the Reynolds 
decomposition of the velocity field, and the similar hairpin 
structures with nearly the same locations in Figures 6(b) and 
6(c) can be identified. Although the Reynolds decomposi-
tion can detect the hairpin vortices with different convection 
velocities, the hairpin structures in the near-wall region as 
shown in Figure 6(a) are not observed. This may probably 
be due to the large shear of streamwise velocity in this re-
gion, and such structures are distorted by the Reynolds de-
composition. In spite of the different velocity decomposi-
tion used here, multiple hairpins, propagating at nearly the 
same streamwise velocity, can be observed throughout the 
boundary layer. Although there is only one hairpin vortex 
observed in Figure 6(c), multiple hairpins, moving with the 
velocity equal to the free stream velocity in the outer region 
of the boundary layer, can be identified in other instantane-
ous velocity vector fields. These structures can be regarded 
as the hairpin packets as proposed by Adrian et al. [25]. 

The flow visualization of the present turbulent boundary 
layer in the xy-plane is shown in Figure 7 using NPLS tech-
nique. The field of view is nearly the same as the PIV 
measurements, and the flow is from left to right. Due to the 
complexity of the real flow, it may be difficult to interpret 
the coherent structures observed in this NPLS image. How-
ever, some inclined structures indicated by white arrows can 
be identified in this picture. In the near-wall, these struc-
tures are small in size, and inclined at 5–10° to the wall. But 
in the region farther away from the wall, the size of these 
structures increases, with the growth angle less than 45°. 
Such structures can also be observed at the edge of the 
boundary layer. These inclined structures share similar fea-
tures of the shear layers of the hairpin vortices observed in 
Figure 6. According to the hairpin model, a shear layer is 
terminated in a region of rolled-up spanwise vorticity, 
which is interpreted to the head of a hairpin vortex. If these 
inclined structures observed in the NPLS image are as-
sumed to the shear layer of the hairpins in the real flow, the 
spanwise vorticity will be found downstream along each 
shear layer. In the NPLS image, some circle-like structures 
indicated by black arrows can be observed, which are be-
lieved to be the heads of the hairpin vortices here. Consid-
ering the fact that the hairpin vortices in real flows are 
variations of a common basic flow structure at different 
stages of evolution, this may explain why the heads of the 
hairpins found in NPLS image are in the form of different 
sizes and shapes. Nevertheless, the heads of the hairpins are 
not found in the log-law region and the near-wall region in  

 

Figure 7  NPLS image of the present turbulent boundary layer in the 
xy-plane, and the flow is from left to right. 

the NPLS image, and this may be due to a large deformation 
of the structures in this region, where the velocity shear is 
strong, and the relatively regular structures can not be iden-
tified. However, whether these inclined structures stand for 
the shear layers of the hairpin vortices needs further identi-
fication, it seems to be the most probable explanation in the 
present situation, on the basis of the hairpin model. 

4.2  structures in the xz-plane 

In this paper, the PIV measurements at two wall-normal 
locations have been performed to study the instantaneous 
structures of the boundary layer in the xz-plane. One was 
selected at y/=0.2(y+ =107) to identify the coherent struc-
tures in the log-law region. Another was selected at y/=0.8 
(y+ =430) to study the structures in the outer region of the 
boundary layer. Here, the streamwise velocity fluctuations 
(u') instead of the velocity vector fields are selected, which 
would exhibit some easily observed features of the bound-
ary layer.  

The contours of the u', normalized by the friction veloc-
ity u, are shown in Figure 8, and the flow is from left to 
right. At the wall-normal location of y/=0.2, the stream-
wise velocity fluctuation exhibits long streaks along the 
flow direction with a width of approximately 0.5–1.0, and 
a meandering feature of these structures can also be ob-
served as shown in Figure 8(a). The length of these streaks 
is larger than 7.6 (the length of the field of view), because 
they extend beyond the full field of view. Compared with 
other instantaneous velocity fields, these long streaks are 
distributed randomly in space. Similar structures can be 
found in both the experimental measurements [27] and nu-
merical simulations [9] at supersonic conditions. However, 
the width and length of these structures are found in various 
sizes in the previous studies. In the outer region of the 
boundary layer at y/=0.8, these long streaks disappear and 
irregular structures are observed, as shown in Figure 8(b). 
According to the induction of a hairpin vortex, the region 
between the two legs contains negative velocity fluctuations 
and the zones on either side of the legs have positive veloc-          
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Figure 8  The contours of the streamwise velocity fluctuations normal-
ized by u at (a) y/ =0.2 and (b) y/ =0.8. The flow is from left to right. 

ity, which could explain the formation of the uniform posi-
tive and negative velocity fluctuation regions observed in 
Figure 8(a). And because the legs of the hairpin vortices 
seldom exist in the outer region of the boundary layer, such 
structures disappear at y/=0.8 as seen in Figure 8(b). 

Here, the flow visualization results are also provided to 
compare with the instantaneous structures observed in 
Figure 8. NPLS images of the present boundary layer in the 
xz-plane, with the same wall-normal location mentioned 
above, are presented in Figures 9(a) and 9(b) respectively. 
The field of view is the same as the PIV measurements and 
the flow is from left to right. To our surprise, such long 
streaks observed in Figure 8(a) can not be identified clearly 
at the same wall-normal location in Figure 9(a). On the con-
trary, elongated streaky structures are clearly observed in 
the outer region (y/=0.8) of the boundary layer as shown 
in Figure 9(b), which also extend beyond the full field of 
view with a meandering behavior. These structures are very 
similar to that observed in Figure 8(a), although the span-
wise width increases to 1.0–2.0. The discrepancy of the 
structures observed between the PIV measurements and flow 
visualizations is most likely due to the basic principle of these 
two techniques. The PIV results reveal the velocity structures 
of the boundary layer, while the NPLS images exhibit the 
passive scalar structures (or qualitative density structures). 
Although some similar features between the velocity struc-
tures and the passive scalar structures are found in the 
xy-plane, a large difference between these two structures 
can be observed in the xz-plane. In the outer region of the 
boundary layer, the large-scale structures are found moving 
with a velocity equal to the free stream velocity, thus the 
velocity fluctuations at this location are small, and the  

 
Figure 9  NPLS images of the present boundary layer in the xz-plane at (a) 
y/ =0.2 and (b) y/ =0.8. 

elongated streaky structures observed in the NPLS image 
can not be identified in Figure 8(b). It is interesting that the 
coherent structures shown in Figure 9(a) look like a forest 
of hairpin, which represent the vortical structures, in a 
low-Reynolds number zero-pressure-gradient flat-plate 
boundary layer as reported by Wu et al. [28].  

It should be noticed that the coherent structures in the 
real flows are so complicated that only one experimental 
technique such as PIV or NPLS can not interpret these 
structures clearly, and sometimes may lead to misunder-
standing. Therefore, the combination of multiple methods 
would help to provide better physical understanding of su-
personic turbulent boundary layers. 

5  Conclusions 

An experimental study of a flat-plate turbulent boundary 
layer at Mach 3 has been performed using PIV technique, 
where the nanoparticles with a good flow-following capa-
bility in supersonic flows were adopted as the tracer parti-
cles. The statistical properties and instantaneous structures 
in the streamwise-wall-normal (xy) plane and stream-
wise-spanwise (xz) plane are presented. 

The Van Driest transformed mean velocity profile obeys 
the incompressible law-of-the-wall and shows a good 
agreement with previous numerical investigations, in spite 
of the difference in the Reynolds number Re. The log-law 
region is found to extend from y/= 0.05 to 0.4, whose up-
per limit is farther away from the wall than that observed in 
incompressible boundary layers. The turbulent Mach num-
ber is found less than 0.3 across the boundary layer, thus the 
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compressible effect can be neglected in the present bound-
ary layer according to Morkovin’s hypothesis. The Rey-
nolds stresses are consistent with previous studies, and a 
plateau-like region can be observed in the log-law region 
both in the profiles of the Reynolds normal stress and the 
Reynolds shear stress. 

The hairpin vortices are identified in the xy-plane using 
the Galilean decomposition and the Reynolds decomposi-
tion of the velocity vector fields, which are similar to the 
structures observed in the flow visualization via NPLS. 
Multiple hairpin vortices are found moving at nearly the 
same velocity, and may be regarded as the hairpin packets. 
In the log-law region (at y/=0.2), the instantaneous 
streamwise velocity fluctuations in the xz-plane exhibit 
elongated streaky structures with a width of 0.5–1.0 and a 
length beyond 7.6. These structures disappear in the outer 
region (at y/=0.8) of the boundary layer. On the contrary, 
in the NPLS images, these elongated streaky structures can 
not be found at y/=0.2, but can be observed with a larger 
width at y/=0.8. This discrepancy may be due to the dif-
ference of the velocity structures and passive scalar struc-
tures in the xz-plane, which implies that multiple measure-
ment techniques should be combined together to provide a 
better understanding of supersonic turbulent boundary lay-
ers. 

This work was supported by the National Basic Research Program of 
China (Grant No. 2009CB724100). 
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