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    A combined stereoscopic particle image velocimetry (PIV) and acetone planar laser-induced fluorescence (PLIF) 
measurement system was developed to investigate turbulent mixing of a jet into a supersonic flow. The measurement was 
performed using a supersonic wind tunnel. Air was injected perpendicular into a Mach 2 freestream with a jet-to-freestream 
momentum ratio of 2.2. The system successfully measured the molar concentration of the jet using PLIF and the velocity in 
the flow-field using PIV simultaneously. These data yielded turbulent eddy diffusive flux that is a product of fluctuating 
velocity (v') and concentration (c'). The eddy flux of the streamwise component (‾c'u') was negative, and that of the 
heightwise component (‾c'v') was positive in the outer jet boundary region. Large-scale structures were periodically 
generated in the outer jet boundary and convected downstream. This large-scale motion induced negative ‾c'u' and positive 
‾c'v' in the outer jet boundary. In the inner region of the jet, the air entrained by the counter-rotating vortices induced a 
positive ‾v'  and negative ‾c'  region, resulting in negative ‾c'v'. 
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Nomenclature 
 

c   speed of light 
cj   molar concentration of j species 
c0   injectant molar concentration 

  at injector exit (= 55.1 mol/m3) 
dVc   collection volume of fluorescence 
D   orifice diameter of injector 
Dl   laminar diffusion coefficient 
h   Planck’s constant 
Ilaser   laser fluence 
J 
l 
L 

  jet-to-freestream momentum flux ratio 
  integral length scale 
  largest dimension of measurement probe 
  volume 

P   pressure 
r 
Re 

  jet-to-freestream velocity ratio (=J0.5) 
  Reynolds number 

T   temperature 
S 
Sc 

  fluorescence signal intensity 
  Schmidt number 

u,v,w   streamwise-, heightwise-, spanwise- 
  velocity components 

U∞   freestream velocity (= 508 m/s) 
v0   injection velocity (= 311 m/s) 
v   velocity (convection velocity) 
vD   diffusion velocity 

x,y,z   streamwise-, heightwise-, spanwise- 
  directions 

φ   fluorescence quantum yield 
η   Kolmogorov length scale 
ηm   mixing efficiency 
ηopt 

λB  
ν 

  collection efficiency of optics 
  Batchelor length scale 
  dynamic viscosity 

σ   absorption cross-section 
  
Notations 

‾   averaged value 
'    fluctuating value 

 
1.  Introduction 
 

  Understanding the mixing mechanisms of a jet in a 
supersonic flow is a key issue in developing supersonic 
combustors for hypersonic air-breathing engines.1) A 
supersonic combustor requires rapid mixing of fuel with 
inhaled air, leading to combustion, because the residence 
time of the fuel in the combustor is on the order of 
milliseconds or shorter. Many researchers have investigated 
the mixing state of the fuel and air in the combustor using 
various methods. A gas-sampling method using a probe rake 
is often used to determine the mixing state of the fuel in the 
combustor.1) This method requires several seconds to sample 
a sufficient amount of the gas for analysis. This time is much 
longer than the characteristic time in a supersonic flow, 
which is on the order of milliseconds. Therefore, the mixing 
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efficiency (ηm) determined by the sampling is time-averaged 
for the supersonic flow. 

The supersonic jet-in-crossflow field is, however, highly 
turbulent. The injectant intermittently appears in a certain 
region, mainly around the interface between the fuel jet and 
the mainstream-air. For this region, using time-averaged flow 
quantities introduces bias errors to ηm.2,3) Watanabe et al.3) 
conducted large eddy simulations for transverse injection into 
a Mach 2 supersonic flow. They evaluated ηm in two ways: 
one utilized time-averaged flow quantities and the other 
utilized instantaneous quantities. They showed a remarkable 
difference between ηm based on time-averaged and 
instantaneous quantities. In addition, they demonstrated that 
the ηm of a jet-in-crossflow field with high intermittency 
exceeded are with low intermittency utilizing a 
time-averaged evaluation, but the result was reversed in an 
instantaneous evaluation. Thus, instantaneous information 
about the mixing state of the fuel is necessary to accurately 
understand the fundamental physics of turbulent mixing in a 
supersonic flow and to modify the combustor to achieve 
higher mixing efficiency, leading to higher combustion 
efficiency. 

Recently, non-intrusive laser diagnostics have revealed 
instantaneous flow structures for supersonic flow. The 
instantaneous ηm, however, is very difficult to measure directly 
even using laser diagnostics, because this requires the 
simultaneous measurement of three different instantaneous 
quantities: velocity in a flow field and concentrations of fuel-jet 
and mainstream-air. Turbulent eddy diffusive flux (eddy flux), 
which physically represents the mass transportation rate due to 
turbulent eddies, is an important index for assessing turbulent 
mixing. Evaluating the eddy flux requires only two 
instantaneous quantities: the fluctuating velocity and the 
injectant concentration. Therefore, experimental evaluation of 
the eddy flux is more feasible than that of instantaneous ηm. The 
eddy flux, however, has never been measured in supersonic 
flows. For the present study, to measure the eddy flux, we 
developed a simultaneous stereoscopic particle image 
velocimetry (stereo-PIV)/planar laser induced fluorescence 
(PLIF) measurement system. We applied this measurement 
system to transverse air injected into a Mach 2 supersonic flow, 
and evaluated the eddy flux in the flow field. The paper begins 
with a description of the simultaneous measurement system, 
including the wind tunnel facility. A description of the data 
reduction to calculate the eddy flux from the measurements is 
then presented before discussing the results. 
 
2.  Turbulent Eddy Diffusive Flux 
 
  Turbulent eddy diffusive flux4) is a product of fluctuating 
velocity (v’) and concentration (c’).  The conservation of 
inert chemical species j is as follows: 

           

! 

"c j

"t
+#$ c jv + c jv

D( ) = 0            (1)
 

where cj is the molar concentration of species j, v is the 
convective velocity, and vD is the diffusion velocity. 
Neglecting thermal diffusion and assuming Fick’s law of 
diffusion converts cjvD into 

! 

Dl"c j , where Dl is the laminar 

diffusion coefficient of species j. All quantities are 
decomposed into their averaged and fluctuating components. 
Averaging all terms in Eq. (1) yields the following equation: 
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where ‾ indicates an averaged value and '  indicates a 
fluctuating value. The first term on the right-hand side of Eq. 
(2) is the eddy flux of j species. This term physically means 
the averaged transport of species j due to turbulent 
fluctuations. The second and third terms correspond to the 
laminar diffusion based on the averaged properties and its 
fluctuation, respectively. Usually, the first term dominates 
turbulent mixing. To evaluate this term, we have to 
simultaneously measure both the instantaneous velocity and 
the injectant concentration. For the present study, the former 
was measured by stereo-PIV and the latter by acetone PLIF. 
   
3.  Measurement System and Wind Tunnel Facility 
 
3.1.  Simultaneous PIV/PLIF measurement system 

Figure 1 is a schematic diagram of the simultaneous 
PIV/PLIF measurement system. A double-pulse Nd:YAG 
laser (Big Sky Laser, Twin BSL200) was used as the system 
light source. This laser provided excitation at 532 nm to 
illuminate tracer particles for PIV. A portion of the 532 nm 
beam was converted into a 266 nm beam by a fourth- 
harmonic generation crystal to excite the acetone molecular 
for PLIF measurement. The laser energy at 532 nm was 160 
mJ/pulse, and that at 266 nm was 40 mJ/pulse. Both beams 
were approximately 6 mm in diameter and were delivered to 
the test section by total reflecting prisms through the same 
path. Both were transformed into laser sheets by a cylindrical 
plano-concave lens with a focal length of -30 mm and a 
plano-convex lens with a focal length of 250 mm. The laser 
sheet was 50 mm wide and 0.8 mm thick. 

For PIV measurement, the Mie scattering light from the 
particles was recorded by two 8-bit CCD cameras in frame 
straddling mode (JAI, CV-M2CL, 1600×1200 pixels). The 
cameras were positioned at 60° to each other with the lenses 
arranged according to the Scheimpflug criterion. Each lens 
was equipped with a narrow bandpass filter (centered at 532 
nm, with 10 nm FWHM) to reject ambient light and 
fluorescence from acetone molecules. The separation 
between the laser pulses was adjusted to 400 ns, so that the 
particle displacement was within 10 pixels.  

For PLIF measurement, the fluorescence emitted from 
the acetone molecules was recorded by a 16-bit 
non-intensified CCD camera (Hamamatsu Photonics, 
ORAC-R2, 1344×1024 pixels) with a 2×2 binning mode. The 
camera was positioned at 90° with respect to the laser sheet 
and was equipped with a commercial 35 mm camera lens 
with an f-number of 1.4. The acetone fluorescence signal is 
weaker than the Mie scattering signals from the particles by 
several orders of magnitude. Therefore, rejection of the Mie 
scattering light due to the incident lasers is important. The 
lens was equipped with a bandpass filter (Asahi Spectra, 
XF554) to reject the Mie scattering light. This bandpass filter 
passed light from 380 nm to 490 nm and rejected light at 266 
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nm and 532 nm, with an optical density exceeding 6.  
The double-pulse laser system induces fluorescence and 

phosphorescence twice within the short illumination interval 
(400 ns). The fluorescence lifetime of acetone is about 7 
ns.5,6) The phosphorescence of acetone, which has a longer 
lifetime, is almost quenched by the oxygen in air.5,6) 
Therefore, no interaction occurs between the first and second 
emissions. The present system captured the second-emitted 
fluorescence. All cameras were synchronized with the laser 
illumination, and the images were collected with laser 
repetition rates of 15 Hz. 
3.2.  Wind tunnel 

Experiments were conducted in a supersonic suction 
wind tunnel. Figure 2 shows a schematic diagram of the test 
section. The test section was equipped with large windows 
on the side walls and bottom wall for optical access. A 
two-dimensional contoured nozzle inhaled unheated 
atmospheric air into the test section. The Mach number of the 
facility nozzle was 2.0. The test section had a 30 mm-square 
cross-section and was 500 mm long. The unit Reynolds 
number based on the freestream conditions was 1.3×107 m-1.  

A sonic injection orifice was placed on the top wall of the 
test section 110 mm downstream from the nozzle exit. The 
orifice diameter (D) was 2.5 mm. Room temperature air, 
simulating fuel ethylene, was injected perpendicularly 
through the orifice. A pressure transducer was installed 
upstream of the injector to monitor the stagnation pressure of 
the jet. The stagnation pressure was used to evaluate the 

jet-to-crossflow momentum flux ratio (J). For the present 
study, J was set to 2.2. The Reynolds number based on both 
the orifice diameter and the jet conditions was 8.0×104. Note 
that Cartesian coordinates with the origin at the center of the 
injection orifice were used to represent the experiment 
results: the streamwise direction is on the x-axis, the direction 
of injection is on the y-axis, and the spanwise direction is on 
the z-axis. 
3.3.  Tracer seeding 

The wind tunnel was equipped with an oil mist seeder at 
the entrance of the nozzle (Fig. 1). The seeder provided oil 
droplets to the mainstream for PIV. A Laskin atomizer7) 
generated the droplets using dioctyl sebacate (DOS). The 
typical droplet diameter was 1 µm.7,8) The particle relaxation 
time based on the Stokes drag law was 5µs. The frequency 
response of the particles was calculated to be 60 kHz.9) The 
particle-seeded air mixed with the inhaled air in the seeder 
and flowed into the nozzle. Honeycomb cells and a screen in 
the seeder reduced the turbulence generated by the seeding 
process. 

Acetone vapor must be seeded into the jet for PLIF 
measurement in addition to the oil droplets for PIV 
measurement. The present study did not apply the bubbling 
procedure used in our previous PLIF experiment10) because 
the bubbling procedure resulted in too much acetone 
vaporization and induced its liquefaction. Air from a 
pressurized cylinder went through a mixing chamber with an 
acetone bath and was blown onto the surface of the bath. For 

 

Fig. 1.  Schematic of simultaneous stereo-PIV and acetone PLIF measurement system.  
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this case, the temperature of the bath and the residence time 
of carrier-gas air in the chamber mainly determined the 
amount of acetone. The volumetric concentration of acetone 
vapor was measured to be 1% in the jet flow. 

A portion of acetone-seeded air was introduced into 
another Laskin atomizer to generate the particles. The 
particle-seeded air with acetone mixed with the rest of the 
acetone-seeded air to dilute the particle density. Note that the 
acetone dissolved into dioctyl sebacate (DOS). 
 
4.  Data Reduction 
 

Figure 3 presents typical raw stereo-PIV particle images 
(Figs. 3a and 3c) and a PLIF image (Fig. 3b). The ranges of 
image intensity are on a logarithmic scale to best display the 
images. Typical image counts of the particles ranged from 20 
to 70 in 8-bit depth, and those of the LIF signal ranged from 
1,500 to 3,000 in 16-bit depth. The PLIF image indicates that 
the bandpass filter on the lens perfectly rejected the Mie 
scattering light induced by the incident lasers. The particles 
had no effect on PLIF imaging. 

4.1.  Stereoscopic PIV 
A stereoscopic imaging system requires camera 

calibration to reconstruct a three-dimensional space from two 
camera images. The cameras were calibrated after the 
experiments. Calibration images were generated by 
translating a suitable calibration target composed of a matrix 
of 1.4 mm equally spaced dots placed in the plane of the laser 
sheet. Commercial software (FlowTech Research, ISCC) 
derived the camera parameters. This software applies a 

pinhole camera model with lens distortion and yields 12 
camera parameters. The stereoscopic residual error was 0.4 
pixels.  

Figure 4 presents a back-projected particle image on the 
object plane obtained using the camera parameters. 
Commercial software (FlowTech Research, FtrPIV) 
extracted two component velocity vectors from the 
back-projected images and reconstructed the full 
three-dimensional velocity field. This software evaluates the 
particle displacements using a direct cross-correlation 
algorithm with sub-pixel estimation. The interrogation area 
was 41×41 pixels, and the searching area was interrogation 
area ± 15 pixels. The interrogation area was overlapped 50% 
for vector calculation, which yielded a spacing of 0.37 mm 
between vectors in the measurement area. 

 
Fig. 2.  Schematic of a suction-type Mach 2 supersonic wind tunnel.  

a) 

  

b) 

  

c) 

 
Fig. 3.  Typical raw PIV particle images and PLIF image: a) Particle image of PIV cam1, b) PLIF image, and c) particle image of PIV cam2 

 

      

Fig. 4.  A typical PIV particle image, which was back-projected onto the 
object plane by camera calibration. 
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The vectors were validated using a scheme based on a 
median test using spatial information at each point in the 
measurement plane. An invalid vector was defined as a 
vector having a magnitude over 50% or an angle over 30° 
with respect to its four nearest neighboring vectors. Most of 
the invalid vectors were located just downstream of the 
injector. Figure 5 depicts typical instantaneous velocity 
components. Figure 5a is the streamwise component (u), Fig. 
5b is the heightwise component (v), and Fig. 5c is the 
spanwise component (w). Each component was normalized 
by the Mach 2 freestream speed (U∞ = 508 m/s). The white 
regions in Fig. 5 are the areas where invalid vectors were 
detected (mainly just downstream of the injector). In this 
region, the tracer particles had difficulty entering because of 
blockage by the transverse jet. The low number density of 
tracer particles increased the invalid vectors in this region. 
4.2.  Acetone PLIF 

For weak excitation, the acetone LIF intensity (S) is 
proportional to the number density of acetone molecules nac, 
the absorption cross-section σ, and the fluorescence quantum 
yield Φ.6) 

    

! 

S = "opt
Ilaser
hc #

dV nac $ #,T( ) % #,T,P( )     (3) 

The absorption cross-section depends on the incident light 
wavelength λ and temperature T. The quantum yield depends 
on these and pressure P. For the present experiment conditions 
(P = 5-100kPa and T = 100-300K), the dependence of the 
fluorescence intensity on P and T is small. For these conditions, 
the fluorescence signal corresponds to nac within ± 6%.10,11) 

The PLIF images were first corrected for background and 
laser sheet inhomogeneity. Subsequently, each image was 
normalized by the spatially averaged intensity at the exit of the 
injector. This normalization also corrected the laser energy 
difference between each pulse and the variance in seeded 
acetone concentration. 

Imaging the same target used for the stereo-PIV calibration 
enabled the dewarping and remapping of the PLIF image onto 
the velocity field coordinate system. The spatial resolution of 
the imaging was approximately 70 µm/pixel. Figure 6 shows a 
normalized PLIF image. The image was captured at the same 
time as that in Fig. 4 was captured. Figure 6 clearly captures the 
changes in the injectant concentration due to barrel shock, 
Mach disk, and large-scale structures in the jet.  

Velocity data were not provided for each pixel. They are 
instead representative data for each interrogation area. 
Therefore, the PLIF data were spatially averaged using a mean 

 

 

 

Fig. 5.  Typical instantaneous velocity distributions in a supersonic 
jet-to-crossflow field. 
 

       

Fig. 6.  A typical normalized PLIF image, which was remapped on the 
same coordinate system of the back-projected PIV image (Fig. 4) captured 
at the same time. 

 

 
Fig. 7.  A typical concentration distribution of a jet into a Mach 2 
supersonic crossflow. The image was obtained by spatial-averaging and 
down-sampling the image in Fig. 6. 
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filter the size of the interrogation area. Subsequently, they were 
down-sampled using a 20-pixel interval, so that the position of 
the PLIF data corresponded to that of the PIV data. Figure 7 
shows the down-sampled PLIF image. 
4.3.  Evaluation of turbulent eddy diffusive flux 

  The fluctuating velocity (concentration) was calculated 
from the post-processed instantaneous PIV (PLIF) data. 
These were multiplied by each other. About 2,000 ensemble 
data points were averaged to evaluate the eddy flux vector 
(‾c'v').  
4.4.  Measurement scales 

The spatial correlation using the PIV data calculated an 
integral length scale (l) of approximately 3 mm. The 
Kolmogorov length scale (η) was evaluated to be 10 µm 
using the equation l/η = A1/4Rel

3/4
 

12), where Rel is the 
Reynolds number based on v’ and l, and A is a numerical 
constant whose order is unity. The tracer particles are small 
enough compared with the Kolmogorov length scale in the 
flow field, and the Kolmogorov time scale (η2/ν) of 2µs is of 
a similar order as the Stokes relaxation time. The particles 
followed the motion due to fine-scale eddies. The size of the 
interrogation area and the laser thickness for the present 
system, however, significantly exceeded the Kolmogorov 
length scale. Spatial averaging diminished the turbulent 
statistics due to the fine-scale eddies. Therefore, the present 
PIV measurements captured just the turbulent statistics due 
to the large-scale eddies with acceptable accuracy.  

To resolve all relevant scales for mixing, the 
measurement resolution should be fine enough to capture the 
Batchelor length scale (λB), given by the equation of λB = 
η/Sc1/2, where Sc is the Schmidt number. For air injection, 
the Batchelor scale is similar to the Kolmogorov scale. The 
relative resolution is defined as L/λB, where L is the largest 
dimension of the probe volume. For the PLIF measurement, 
the relative resolution was determined using a laser thickness 
of 0.8 mm, and was approximately 80. This relative 
resolution was insufficient to resolve the fluctuation due to 
the finest-scale eddies, but sufficient to resolve that due to 
middle- and large-scale eddies. These estimations indicate 
that the turbulent statistics, including the eddy flux, were 
only due to the relatively large-scale motion of the jet. 
 
5.  Results and Discussion 
 
5.1.  Instantaneous flow structure 

The under-expanded jet rapidly expanded and accelerated 
to v/U∞ ~ +1.0 around the injector (Fig. 5b). v/U∞ in the 
large-scale structures near the injector remained positive and 
high (v/U∞ ~ +0.4).  Its magnitude, however, rapidly 
decreased as the structures traveled downstream for the outer 
jet boundary. For x/D > 4, v/U∞ in the structure was still 
upward, but its magnitude was very small and was nearly 
zero in the outer jet boundary. 

The blockage by the transverse injection produced a 
wake behind the jet. The streamwise velocity component 
behind the jet was lower than the mainstream as seen in Fig. 
5a. In contrast, the heightwise component behind the jet was 
higher than that around the outer jet boundary and 
mainstream. This high upward v region originated from the 

well-known longitudinal counter-rotating vortex pair 
(CVP)13) formed in the transverse jet. The longitudinal CVP 
entrained the mainstream-air. These collided with each other 
on the symmetrical plane at z = 0, resulting in a high upward 
v region on the symmetrical plane at z = 0. The instantaneous 
spanwise velocity component is non-zero here as seen in Fig. 
5c. On this symmetrical plane, the ensemble-averaged w 
became zero over the whole region. Instantaneous w, 
however, has large positive and negative values (w/U∞ ~ ± 
0.5) behind the jet. The positive and negative regions were 
alternately arranged in space and were inclined at 45°.  

To investigate the relationship between the velocity field 
and the injectant-concentration field, a typical fluctuating 
velocity vector was superimposed on the injectant 
concentration distribution captured at the same timing in Fig. 
8. Figure 8 reveals that high v’ regions with long vectors 
appeared on the outer edge of the jet boundary for x/D < 3 
and  on the inside of the jet for x/D ≥ 3, as shown in the 
regions surrounded by the dashed ellipses in Fig. 8. 

At the near field of the injector, mainstream-air clearly 
intruded into the intervals between the large-scale jet 
protrusion structures. The injectant rolled up into the 
mainstream. These trends were observed in each interval, but 
v’ was small on the downstream side. These movements of 
the jet protrusions took the form of counter-rotating vortex 
pairs on this plane. Practically, these vortices were 
three-dimensional and may be a portion of hairpin-like 
protrusions.3,14)  

 
Fig. 8.  A typical fluctuating velocity distribution superimposed on the 
instantaneous injectant concentration distribution. 

Long vector regions 

 

Fig. 9.  Schematic relationship between jet protrusion structures in a 
symmetrical plane and three-dimensional streamwise CVP structure 
behind the jet. 
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At the far field of the injector, turbulent convection was 
very active on the lee side of the jet. It seems that the fluid 
particles in the low-c region had a large upward velocity 
component due to the counter-rotating vortices caused by the 
transverse injection. Mainstream-air was entrained into the 
jet through the vortices, which induced an upward flow near 
the center plane at z = 0. These are schematically illustrated 
in Fig. 9, which is an instantaneous flow structure including a 
cutaway of its symmetrical plane. 
5.2.  Turbulent eddy diffusive flux 

Figure 10 depicts the turbulent eddy flux in the 
supersonic jet-in-crossflow field. The eddy flux is 
normalized by the injectant molar flux at the injector (c0v0 = 
17.1 kmol/(m2s)). Figure 10a depicts the streamwise 
component (‾c'u' ), and Fig. 10b depicts the heightwise 
component (‾c'v'). The spanwise component was almost zero 
over the whole region and is not shown in this paper. 
Regions where the data points used for averaging were fewer 
than 200 are not displayed in these figures. 

Figure 10 indicates that negative ‾c'u' and positive ‾c'v' 
regions observed along the outer jet boundary. ‾c'u' and ‾c'v' 
were negatively correlated. A similar trend was observed for 
a jet into a subsonic crossflow.15) This trend is explained by 
the motion of the large-scale structures, illustrated in Fig. 11. 
It is a schematic streamwise cutaway of typical flow 
structures and their fluctuating velocity. Solid circles in Fig. 
11 indicate the fluid elements mainly consisting of the 
injectant, and dotted circles are those of the mainstream-air. 
The jet was injected perpendicular to the mainstream. 
Therefore, the large-scale structures within the jet, where c’ > 
0, potentially had a positive value in v. Their speed in the 
streamwise direction was lower than that in the mainstream 

near the injector. When a large structure reaches a certain 
point, c’ and v’ will be positive at that point. For this case, 
the fluid element of the jet blocks the intrusion of the 
mainstream, resulting in u’ < 0. However, when the large 
structure leaves this point, the mainstream, which is mainly 
air (a low-c region), intrudes into the interval between the 
structures. This results in c’ < 0, u’ > 0 and v’ < 0. For both 
cases, negative ‾c'u' and positive ‾c'v' regions appear. 

On the lee side of the jet, positive ‾c'u' and negative ‾c'v' 
regions appeared. The positive ‾c'u'  and negative ‾c'v' 
regions near the fuel injector were due to the motion of the 
barrel shock wave within the underexpanded sonic jet. The 
injectant concentration was raised across the barrel shock 
wave. However, u increased and v decreased across the barrel 
shock wave on the upwind side. The jet flow was deflected 
toward the downstream and decelerated across the barrel 
shock. The size and position of the barrel shock were 
unsteady. When the barrel shock goes downstream of a 
certain point, c and u decrease and v increases. In contrast, 
when the barrel shock goes upstream of this point, c and u 
increase and v decreases. For both cases, positive ‾c'u' and 
negative ‾c'v' regions appear along the barrel shock. 

For x/D > 4, a large negative ‾c'v' region appeared inside 
the jet. A positive ‾c'u' region, however, was not clearly seen 
inside the jet. This is inconsistent with subsonic flow.15) The 
negative ‾c'v' region was caused by the entrained air due to 
the longitudinal CVP produced by the transverse injection. 
Fluid elements, consisting mainly of air, were entrained into 
the jet with the vortices. The entrained air had a larger 
upward velocity component on the symmetrical plane than 
did the jet. This reflects the negative ‾c'v' region inside the 
jet below the maximum injectant-concentration track.  

Su and Mungal15) measured the turbulent eddy flux of a 
jet in an incompressible crossflow for a jet-to-crossflow 
velocity ratio, which is J 0.5 for compressible flow, of 5.7. For 
their case, the jet penetrated more deeply into the mainstream 
due to the high J; about 10 times the value in our experiment. 
Therefore, the structure of the jet on the lee side changed, 
and the negative ‾c'u' region disappeared in our study. Their 
results showed that the magnitudes of ‾     c'u'/c0U∞  and 
‾     c'v'/c0U∞ were approximately -0.06 and +0.03, respectively. 
These rapidly decreased to zero towards the downstream side. 
For the present case, the normalized ‾c'u' and ‾c'v' were at a 
level similar to those for their experiment near the injector on 
the windward side. The differences in both J and the 

 

 

Fig. 10.  Turbulent eddy flux distributions of a jet into a Mach 2 
supersonic flow. 
 

 

Fig. 11.  Schematic relation between typical flow structures and their 
fluctuating velocity in a supersonic jet-to-crossflow. 
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freestream Mach number had no significant effect on the 
magnitude of the turbulent eddy flux. 

For the present case, the magnitudes of ‾c'u' and ‾c'v' 
decreased along the trajectory for x/D < 3. They shifted from 
decreasing to increasing for x/D ~ 4. A second peak of ‾c'u' 
and ‾c'v' was observed around x/D ~7. We believe that the 
motion of the reattachment shock wave induced this second 
peak. The averaged velocity distribution indicates that the 
reattachment shock wave was detectable from x/D ~ 3 and 
was inclined about 45° toward the downstream side. Near the 
fuel injector, the magnitudes of v’ and c’ were high due to the 
injection, resulting in large ‾c'u' and ‾c'v'. The magnitude of 
v’ rapidly decreased downstream (Fig. 8) because the jet flow 
passed through the Mach disk and was deflected by the 
mainstream. This resulted in a rapid decrease of ‾c'u' and 
‾c'v'  for x/D < 3. For x/D > 4, the longitudinal CVP 
developed and entrained the mainstream-air. These moved 
unsteadily and enhanced the turbulent eddy convection inside 
the jet, resulting in a negative ‾c'v'  region there. The 
fluctuation due to the movement of the vortices propagated to 
the outer jet boundary through the movement of the 
reattachment shock wave. Thus, a second peak appeared 
around x/D ~7. 
 
6.  Conclusions 
 

We developed a combined stereo-PIV and acetone PLIF 
measurement system through this study, and successfully 
measured the turbulent eddy flux of an injectant in a 
supersonic jet-to-crossflow. The simultaneous measurement 
was carried out for a transverse jet into a Mach 2 supersonic 
flow. The instantaneous velocity and injectant-concentration 
data revealed a high v’ region along the outer jet boundary in 
the near field of the injector. The data also revealed high v’ 
regions inside the jet in the far field of the injector.  

On the outer jet boundary, the injectant appeared 
intermittently along the interface between the jet and 
mainstream. Large-scale structures of the injected gas were 
periodically generated and convected downstream. The 
mainstream intruded into the intervals between these 
structures, and the injectant on the large structures rolled up 
into the mainstream. These flows induced a high v’ region 
near the injector, resulting in negative ‾c'u' and positive ‾c'v' 
in the outer jet boundary. 

In addition, the longitudinal counter-rotating vortices 
within the transverse jet induced high v’ regions in the far 
field of the injector. The mainstream was entrained with the 
vortices. The entrained air had positive upward velocity on 

 
 
 
 
 
 
 
 
 
 
 

the symmetrical plane, resulting in a negative ‾c'v' region 
inside the jet. This fluctuation due to the vortices propagated 
to the outer jet region, and induced a second peak of ‾c'u' 
and ‾c'v' along the outer jet boundary in the far field of the 
injector. 
 
Acknowledgments 
 

This research was supported by the Ministry of Education, 
Culture, Sports, Science and Technology of Japan, Grant-in- 
Aid for Scientific Research (B), 23360377.  
 

References 
 
1) Curran, E. T. and Murthy, S. N. B.: Scramjet Propulsion, Progress in 

Astronautics and Aeronautics, 189 (2000), pp 178-179. 
2) Cutler, A. D. and Johnson, C. H.: Analysis of intermittency and probe 

data in a supersonic flow with injection, Exp. Fluids, 23 (1997), pp. 
38-47. 

3) Watanabe, J., Kouchi, T., Takita, K. and Mausya, G.: Large-Eddy 
Simulation of Jet in Supersonic Crossflow with Different Injectant 
Species, AIAA J., 50 (2012), pp. 2765-2778. 

4) Bird, R. B., Stewart, W. E. and Lightfoot, E. N.: Transport 
Phenomena 2nd ed., John Wiley & Sons, 2002, pp. 659-670. 

5) Lozano, A., Yip, B. and Hanson, R. K.: Acetone: A Tracer for 
Concentration Measurements in Gaseous Flows by Planar 
Laser-Induced Fluorescence, Exp. Fluids, 13 (1992), pp. 369-376. 

6) 
 

Thurber, M. C.: Acetone Laser Induced Fluorescence For 
Temperature and Multiparameter Imaging in Gaseous Flows, Ph.D. 
Dissertation, Stanford Univ., 1999. 

7) Kähler, C. J., Sammler, B. and Kompenhans, J.: Generation and Con- 
trol of Tracer Particles for Optical Flow Investigations in Air, Exp. 
Fluids, 33 (2002), pp. 736-742. 

8) 
 

Koike, S., Takahashi, H., Tanaka, K., Hirota, M., Takita, K. and 
Masuya, G.: Correction Method for Particle Velocimetry Data Based 
on the Stokes Drag Law, AIAA J., 45 (2007), pp. 2770-2777. 

9) Hjelmfelt, A. T. and Mockros, L. F.: Motion of Discrete Particle in A 
Turbulent Fluid, Applied Science Research, 16 (1966), pp. 149-161. 

10) Takahashi, H., Ikegami, S., Oso, H., Masuya, G. and Hirota, M.: 
Quantitative Imaging of Injectant Mole Fraction and Density in a 
Supersonic Mixing, AIAA J., 46 (2008), pp. 2935-2943. 

11) Handa, T., Masuda, M., Kashitani, M. and Yamaguchi, Y.: 
Measurement of Number Densities in Supersonic Flows Using A 
Method Based on Laser-Induced Acetone Fluorescence, Exp. Fluids, 
50 (2011), pp. 1685-1694. 

12) Hinze, J. O.: Turbulence 2nd ed., McGraw-Hill, New York, 1959, pp. 
223-225. 

13) Gruber, M. R., Nejad, A. S., Chen, T. H. and Dutton, J. C.: Mixing 
and Penetration Studies of Sonic Jets in a Mach 2 Freestream. J. 
Prop. Power, 11, 2 (1995), pp. 315-323. 

14) Ben-Yakar, A., Mungal, M. G. and Hanson, R. K.: Time Evolution 
and Mixing Characteristics of Hydrogen and Ethylene Transverse Jets 
in Supersonic Crossfows, Physics of Fluids, 18 (2006), 026101. 

15) Su, L. K. and Mungal, M. G.: Simultaneous Measurements of Scalar 
and Velocity Field Evolution in Turbulent Crossflowing Jets, J. Fluid 
Mech., 513 (2004), pp. 1-45. 
 

 
 


