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The effects of injection andmainflowconditions on the turbulent structure produced by a gaseous sonic transverse

injection into a supersonic airstreamwere investigated. The turbulent structure inherent in the mixing flowfield was

characterized by the single-time two-point spatial correlations based on the concentration fluctuation andmeasured

with acetone planar laser-induced fluorescence. Results revealed that the most intensively fluctuating region

appeared on the 50%-averaged-concentration track, irrespective of the injection conditions. The highly correlated

region, which indicates an organized large-scale structure, appeared as a tilting ellipse in the lower-compressibility

cases andanellipse almostparallel to the streamline in thehigher-compressibility cases.Thesedifferences in structure

result in thedifferenceof theaveraged jetwidth.The injectionwith thehigher-compressibility condition showedmore

stable structures and slower development in the size due to suppression of the instability growth. The structure was

likely to be stretched toward the averaged-velocity direction as themainflowMachnumber increased. Increasing the

velocity difference between the jet and main flow caused the large-scale eddies to appear more frequently.

Nomenclature

a = speed of sound, m=s
C = molar concentration, mol=m3

D = diameter of injection port, m
Deq = equivalent diameter of the fitted ellipse, m
J = jet-to-mainstream momentum flux ratio
M = Mach number
Mc = convective Mach number
m = molecular weight, kg=mol
P = local static pressure, Pa
r = spatial correlation factor
T = local static temperature, K
x = streamwise coordinate, m
y = transverse coordinate, m
z = spanwise coordinate, m
� = specific heat ratio
� = density, kg=m3

� = mole fraction

Subscripts

j = jet
m = main flow

I. Introduction

D ETAILED understanding of the turbulent mixing mechanisms
in the supersonic flowfield is necessary for designing a

successful scramjet injector. Recent studies with a highly resolved
visualization technique, such as acetone planar laser-induced
fluorescence (PLIF), indicated the existence of large-scale vortex
structures, even in a high-speed flow with injection [1,2]. The flow-
fieldwas investigated from several points of viewwith instantaneous,
mean, standard deviation (STD), and intensity probability density
functions. As a result, qualitative features of the flowfield generated
by turbulent structures were revealed. The main role of the turbulent
structure may be large-scale stirring between jet fluids and crossflow
fluids before the molecular-scale mixing relating to the combustion.
However, owing to the complex features of theflowfield, such as high
compressibility and three-dimensionality resulting in difficulties in
direct precise measurement, quantitative turbulent behavior has not
been well clarified, and the compressibility effects to the turbulent
structure have not been revealed as well. Further investigation is
necessary. To characterize the turbulent behavior, the single-time
two-point spatial correlations based on the concentration fluctuation
were calculated by the present authors [1]. Their result revealed
several important geometrical characteristics, such as shape, size,
orientation, and appearance intervals of the large-scale vortex
structures for a single set of main flow and injection conditions.

In this study, we focus on the behavior of the large-scale structure
and the compressibility effects for various conditions of the main
flowand injection. By changing theflow conditions, effects of the jet-
to-mainstream momentum flux ratio J, the main flow Mach number
Mm, and the injectant molecular weightmj on the development of the
turbulent structure are examined. Since J [related to Mach numbers,
stagnation pressures, and specific heat ratios of themain and injectant
flows, as expressed by Eq. (1)] is a very classical parameter for
injection, its effects on penetration height, concentration profiles,
and other time-averaged dynamic features of the jet have been
investigated fairly well [3,4]:
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However, the influence of J on the turbulent structure is still poorly
understood. In addition, effects of the main flow Mach number and
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the injectant molecular weight are not fully understood either. In the
operational condition of the scramjet, J andMm vary with the flight
Mach number. In accordance with those changes, the flow state and
turbulent structure in the combustorwill change. Hence, these effects
on the turbulent structure must be investigated to achieve high
mixing and combustion performance of the scramjet combustor. To
estimate the compressibility effects on the turbulent mixing of the
simple two-stream mixing layer, the convective Mach numbers are
used:

Mc1 �
U1 � Uc
a1

; Mc2 �
Uc � U2

a2
(2)

where U1 and U2 are the velocity of high- and low-speed streams,
respectively, andUc is a convective speed of the large-scale structure.
For the present experimental configuration of transverse injection
from the wall orifice, Gruber et al. [5] proposed a model to evaluate
these parameters. The main flow Mach number and the injectant
sonic speed or its molecular weight appeared in their model, and
they might be influential to the turbulent structure through the
compressibility of the flow. So, we chose them for parametric inves-
tigation as well.

The investigations were conducted with the aid of acetone PLIF
visualization for various experimental conditions. The single-time
two-point spatial correlations of fluorescence intensity fluctuation
were calculated to characterize the scalar turbulent structures.

II. Experimental Apparatus and Data Analysis

A. Wind Tunnel, Flowfield Conditions, and Acetone

Planar Laser-Induced Fluorescence

The suction-typewind tunnel, which is the same one as used in our
previous studies [1,6,7], provided an unheated supersonic airstream
in the 200-mm-long test section, with a 30 mm2 constant cross
section. The nominal Mach numbers of the main flow were 2.0 and
2.5, with replaceable nozzles. Experiments with subsonic main flow,
for which the Mach number was 0.91 (determined from wall

pressure), were done as well for comparison. The injection
conditions were parametrically changed. Gaseous air or helium (He)
at room temperaturewas used as an injectant to vary the jet molecular
weight and was transversely injected at a sonic condition from a
circular orificewith a 2.5mmdiameterD on awall of the test section.
The jet-to-mainstream momentum flux ratio J was controlled by
varying the injection pressure. Convective Mach numbers (Mc1 and
Mc2) for estimating an initial compression level of the flow were
calculated at point A in Fig. 1, using Gruber et al.’s model [5]. The
detailed flow conditions with their uncertainties are summarized in
Table 1.

The flowfieldwas opticallymeasuredwith acetone PLIF. The light
source was fourth-harmonic radiation from a Q-switched pulsed
neodymium-doped–yttrium-aluminum-garnet laser with a wave-
length of 266 nm, energy of 70 mJ=pulse, and the maximum
repetition rate of 10 Hz. The fluorescence images were recorded
using a charge-coupled device camera with a 1024 	 1024 array of
square pixels. The spatial resolution was 36:8 �m=pixel. Acetone
vapor, a tracer for PLIF, was seeded only in the injectant. The density
change of injectant due to acetone seeding was estimated to be less
than 1.4%, and this level of acetone seeding caused a negligible
influence on the injectant behavior. Further details of the
experimental apparatus, flow conditions, and instrumentation are
described in [4].

B. Uncertainty Analysis

For the LIF measurement, the overall uncertainty inherent in each
fluorescence data point in each pixel, associated with the elements of
error sources tabulated in Table 2, was estimated to be 3.3%. This
number is translated directly into a relative uncertainty in the
fluorescence signal at the same amount.

C. Single-Time Two-Point Spatial Correlation Analysis Using

Acetone Planar Laser-Induced Fluorescence Data

The fluorescence signal from acetone molecules S is almost
proportional to the acetonemolar concentrationCacetone (mol=m3) for
the present experiment conditions, with a range of 
6:0% of error
[7], and is expressed as follows:

S� const � �acetone � �mixture

mmixture

� const � Cacetone � const � �acetonej
� Cj

(3)

where the seeding mole fraction of acetone in the injectant �acetone is
constant. Clearly, the PLIF signal intensity is proportional to the
injectant concentration. Therefore, the spatial correlation based on
the PLIF signal fluctuations provides the spatial features of the
turbulent field represented by the scalar fluctuation.

The single-time two-point spatial correlation r�x; y;�x;�y�
based on the concentration fluctuation was computed by Eq. (4):

Fig. 1 Flowfield schematics used in the jet compressibility analysis.

Letter A indicates the zone of the jet shear layer [5].

Table 1 Summary of the operating conditions used in this study

Case Injectant J Mm P0m T0m P0j, kPa T0j Mc1 Mc2

1 Air 1:86
 0:02 2.0 99:53
 0:01 296 189:23
 1:47 296 0.52 0.93
2 1:88
 0:01 2.5 99:59
 0:01 291 133:86
 0:42 291 0.33 0.55
3 2:80
 0:05 2.0 100:07
 0:22 291 285:63
 4:28 291 0.54 1.12
4 2:77
 0:04 2.5 99:47
 0:72 292 196:56
 3:11 292 0.31 0.75
5 He 1:91
 0:04 2.0 99:21
 0:49 294 176:14
 3:39 294 1.71 1.72
6 1:87
 0:01 2.5 99:61
 0:22 291 121:21
 0:71 291 1.64 1.67
7 2:78
 0:03 2.0 100:13
 0:58 293 256:56
 2:38 293 1.86 2.16
8 2:80
 0:05 2.5 99:98
 0:02 293 181:54
 3:01 293 1.78 2.14
9 Air 1:65
 0:02

0.91
99:69
 0:02 295 139:61
 0:69 295 —— ——

10 2:25
 0:07 99:65
 0:01 295 204:50
 2:03 295 —— ——

11 He 1:53
 0:01
0.91

99:77
 0:05 295 130:92
 1:30 295 —— ——

12 2:24
 0:02 99:68
 0:01 297 187:02
 4:07 297 —— ——
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Here, point �x; y� is the reference location where the features are
correlated, Ci�x; y� is the instantaneous concentration, C0i�x; y�
is its fluctuation, �C�x; y� is the average concentration, C0rms�x; y� is
the STD of concentration fluctuation, and�x and�y are the spatial
differences in the x and y directions, respectively. In the present
study, the highly significant correlated region (which is the
statistically meaningful region) with a sample size N of 500 was
where the absolute value of the correlation coefficient jrj � 0:12, as
determined by statistical testing.

D. Resolution of Planar Laser-Induced Fluorescence Images

Since the spatial correlations provide turbulent mixing infor-
mation on a pixel-sized basis, the spatial resolution of the imaging
system and analysis is a key concern in terms of capturing the
turbulent behavior. In that sense, we checked the relative resolutions
defined by the ratio of the probe dimensions and the mass diffusion
scale (Batchelor scale) [8,9], which represents the smallest physical
scale at which turbulent mixing is affected by the velocity field. The
calculated ratio is about 15, which is the same value as our previous
study [1], and it assures that the PLIF data obtained with our imaging
system has enough capability of resolving the large-scale flow
structures.

E. Estimation of Initial Compressibility Level

Before investigating the convection characteristics of the
transverse jets, we estimated the initial compressibility level. In
[1], we deduced local convective Mach number distribution for
case 1 of the present study from the particle image velocimetry (PIV)
data. However, for other cases, we have no velocity data of the
flowfields. Therefore, we will estimate a representative value of the
convectiveMach numbers from the present experimental conditions.
Since it is difficult to accurately evaluate the convective Mach
numbers representing the compressibility in the flowfield of interest,
because of its highly three-dimensional and complex aspects, we
therefore follow an idealized model proposed by Gruber et al. [5],
which is schematically illustrated in Fig. 1. In this model, they
evaluated the convective Mach numbers in zone A, just downstream
of the Mach disk of the jet. Thus, the convective Mach numbers
obtained here would represent the compressibility effect found in
the early stage of mixing. The two streams that form the mixing
layer around point A have velocities U1 (injectant fluid) and U2

(mainstream fluid). The large-scale eddies in the mixing layer at
point A are assumed to be convected with a velocity Uc at an angle
parallel to the two constituent streams. To calculate Mc, the Mach
number just upstream of the Mach disk (M1) is necessary. We can
determine the pressure downstream of the Mach disk (p01) using the
normal shock and isentropic relations at the Mach disk. Combining
these relationswith knownmainstream conditions (i.e.,p0m andMm)
yields an expression for the pressure ratio p01=pm:

p01
pm
�
�
2�jM

2
1 � ��j � 1�
�j � 1

�

�
�
�1� 1=2 � ��m � 1�M2

m��m=��m�1�
�1� 1=2 � ��j � 1�M2

1 ��j��j�1�
�
�
�
p0j

p0m

�
(5)

Equation (5) can be usedwith the prescribed value ofp01=pm to derive
M1. Gruber et al. calculated the sensitivity of p01=pm to Mc1 and
concluded that it was not very sensitive. We therefore used the
maximum value of M1, derived by Eq. (5), for the range of p01=pm
tested by them and assumed that the velocityU2 at point A is equal to
the velocity component parallel to the one behind the bow-shock
wave. The local angle of the bow-shockwavewas estimated from the
PLIF image of case 1. The convective velocity Uc was calculated
from the balance of relative stagnation pressures of the outer and
inner flows to the large-scale vortex convected at Uc using the
following equation [5]:

�
1� �1 � 1

2

�
U1 � Uc
a1

�
2
�
�1��1�1�

�
�
1

� �2 � 1

2

�
Uc � U2

a2

�
2
�
�2=��2�1�

(6)

Mc1 andMc2 at point A are calculated from Eq. (6).
Results obtained by this procedure are presented in Fig. 2 for the

cases tabulated in Table 1. Results demonstrated that the air-injection
cases had subsonic values (e.g.,Mc1 � 0:52 for case 1), while theHe-
injection cases had supersonic values (e.g.,Mc1 � 1:71 for case 5).
The local convective Mach number obtained from PIV data for the
air-injection case in [1] (the flow condition was the same as case 1)
was approximately 0.5 and was very close to the derived convective
Mach number of case 1. These comparisons indicate that the
convectiveMach number estimated with Gruber’s model agrees with
one obtained from PIV data in the region upstream of the barrel
shock.Note that Gruber’smodel is only reasonable for estimating the
initial level of compressibility, because velocity distributions vary
locally as the jet flows downstream and are only reasonable for this
region.

In general, for Mc1 < 0:5, the turbulent structures are two-
dimensional, coherent, and appear as large spanwise rollers. For
Mc1 > 1:0, the compressibility effect becomes dominant, and the
turbulent structures are smaller in scale, difficult to identify, more
three-dimensional, and lack coherence [10,11]. Cases 1 to 4 nearly
correspond to the former lower-compressibility condition, and
cases 5 to 8 correspond to the latter higher-compressibility condition.
Therefore, the experimental conditions in Table 1 are appropriate for

Table 2 Uncertainty estimates in LIF measurement

Error source Uncertainty, %

Shot noise 1.6
Deviation of acetone seeding 2.00
Regulated pressure variance 1.87
Temperature variance 1.02
Total uncertainty 3.3

case 1 (Air,  M
m
 = 2.0, J = 1.9) case 5 (He,  M

m
 = 2.0, J = 1.9)

case 2 (Air,  M
m
 = 2.5, J = 1.9) case 6 (He,  M

m
 = 2.5, J = 1.9)

case 3 (Air,  M
m
 = 2.0, J = 2.8) case 7 (He,  M

m
 = 2.0, J = 2.8)

case 4 (Air,  M
m
 = 2.5, J = 2.8) case 8 (He,  M

m
 = 2.5, J = 2.8) 
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Fig. 2 Results of convective Mach number (Mc1) calculations, using a

range of pressure ratios in the present experimental conditions.
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examining the compressibility effect on the large-scale structure.
Note that the velocity difference diminishes as the flow goes
downstream, and the local value of the convective Mach number
evaluated in [1] may become considerably lower than the convective
Mach number estimated above.

III. Results and Discussion

A. Flowfield Visualization and General Features

First, we examine the effects of jet molecular weight on the jet
structure at fixed J. Here, we show only one case for each injectant.
Figure 3 presents representative instantaneous PLIF images of the
side view on the centerplane of the jet in the Mach 2.0 airstream. In
the images, the average-concentration tracks at the maximum, 50%,
and 10% are plotted with a dotted line, a solid line, and a dashed–
dotted line, respectively. Note that the PLIF intensity under this
experimental condition is linearly proportional to injectant molar
concentration [7]. The roller-type large-scale structure is evident in
the air-injection case. On the other hand, it is less evident in the He-
injection case. For the reason of this observable difference, someflow
instabilities are considered.

Generally, in high-speed flows, the Kelvin–Helmholtz (K–H)
instability that is caused from the velocity difference between the
jet and the main flow dominates the large-scale turbulent structure,
and it results in the formation of the roller-type large eddies. The
streamwise velocity distribution in case 1 [1] shows there are
velocity differences in the streamwise direction around the 50%-
concentration track. Since the roller-type large eddies, evidently seen
in the air-injection case, appear around the 50%-concentration track,
one of the causes of this structure might be the K–H instability.
Another instability caused by density difference between the jet and
the main flow, namely, the Rayleigh–Taylor (R–T) instability, might
result in thewave interface between the jet andmain flow. In general,
the R–T instability evolves when lighter fluids contact with heavier
fluids under almost constant acceleration normal to the interface,
especially from the heavier fluid to the lighter fluid direction. Taking
case 1 as an example, because the mean density distribution was
provided in [4], the density distribution along the wall-normal
direction downstream of x=D� 3 indicates the jet fluid is heavier
than themainfluid. In addition to this, there is acceleration toward the
wall-normal direction, namely, from the jet-to-main flow direction

[1], and it continues further downstream. This situation is consistent
with the condition where the R–T instability is likely to grow. This
consideration in case 1 is roughly applicable to other air-injection
cases, because the values of acceleration and density should not
be different very much. Although there is no density information
other than case 1, the He-injection cases can be expected to have
situations opposite to case 1 due to the much lighter molecular
weight of helium; the jet fluid is lighter than the main flow fluid. But
the transverse velocity distribution of the helium jet may have
acceleration in thewall-normal direction from the jet toward themain
flow. Therefore, the He-injection cases have the condition where the
R–T instability is not likely to grow or, rather, be stabilized. In
addition, the helium jet has low density, so that the viscous effect
resulting in the penetration and roll up of heliumfluids intomainflow
air fluids did not occur well. These considerations are reasonable to
explain why the large-scale structure is likely to occur in the air jet
and is not likely to occur in the helium jet.

Next,we examine the effects of themainflowMach number on the
jet structure at fixed J. Figure 4 presents representative instantaneous
PLIF images of the side view on the centerplane of the jet in the
Mach 2.5 airstream. Comparing cases 1 and 2, the large-scale eddies
seem to appear more frequently in case 2 than in case 1. In case 2,
because of the faster main flow, the density of the main flow is lower
than in case 1; hence, the density difference between the jet andmain
flow is larger than that of case 1. As a result, the condition of case 2 is
more suitable to grow instabilities so that it has large-scale eddies.
The opposite trends are seen in cases 5 and 6; namely, the density
difference of case 5 is larger than that of case 6. Although these
images represent typical instantaneous flow structure of each case,
the same trend was commonly observed in the other images. Wewill
quantitatively discuss other turbulent features with the results of
statistical analyses later.

Figure 5 presents the distributions of normalized-concentration
STD of cases 1 and 5. The STD was normalized by the maximum
STD value in the entire region and then normalized again by the
absolute maximum-concentration values in each cross section in
order to compare the fluctuating level equivalently. The most
intensively fluctuating regions appear along the 50%-concentration
tracks for both injectant cases. Note that this observation is
appropriate for all cases, regardless of the injectant species,Mm, and
J. This might prove that the most intensive-concentration fluctuation

Fig. 3 Representative instantaneous PLIF images at centerplane axis of the jet for cases 1 and 5.

Fig. 4 Representative instantaneous PLIF images at centerline axis of the jet for cases 2 and 6.
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mainly resulted from the intermittent motion of the large-scale
vortices, since they appeared around the 50%-averaged-concen-
tration track. Taking this fact into account, it is reasonable to
investigate the turbulent structure in more detail along the 50%
tracks.

Figure 6 depicts the penetration height of the jet into themainflow,
defined as the maximum-concentration track. For both injectant
cases, the penetration height increases with increasing J. In spite of
the same value of J, the He-injection cases penetrate slightly higher
than the air-injection cases. Although theMach disk height may also
change between the air- and He-injection cases, due to differences in
the specific heat ratio, there is no significant difference in Mach disk
height between the air- and He-injection cases shown in Fig. 3. Since
the main difference between the air- and He-injection cases is the
compressibility and jet velocity resulting from the difference in
molecular weight, the jet velocity would cause this difference.

Figure 7 depicts the width of the jet plume between the 10%- and
maximum-concentration tracks plotted along the streamwise
direction. Lines are smoothed with neighboring points within 0:5D
for both sides. Generally, thewidths increase for x=D � 4:5 and then
remain constant for 4:5 � x=D � 9 for both injectants. For x=D � 9,

only the widths of air-injection cases increase again, but those of
helium remain constant. These trends differ from the observation
in the turbulent mixing layer or the jet injected parallel to the
mainstream,where thewidths of themixing layer or jet are increasing
in proportion to the downstream distance.Widths of the He-injection
cases are generally much narrower than those of the air-injection
cases. The widths of the He-injection cases are almost the same,
regardless of J or Mm. In contrast, the widths of air-injection cases
with higher J and higherMm are wider than others. In addition, the
He-injection cases look smoother than the air-injection cases. The
appearance, frequency, and size of the eddies also differ among
the different injection cases. Since these observed facts should be
related to the turbulent behavior, we will discuss this later with
statistical analyses.

B. Spatial Correlation

Typical results of computed spatial correlation maps based on the
concentration fluctuation for reference points on the 50% tracks are
presented in Figs. 8a–8h for cases 1 to 8, respectively. Their reference
points were at x=D� 6 on the 50% track. In all maps, the main flow
direction was from left to right, and the injection point was
x=D� y=D� 0. Sets of 500 single-shot images were used for
computing the correlation. Each correlation map is depicted with
the contour levels varying in increments of 0.1 in 0:2 � jrj � 1:0,
and the boundary of the highly correlated region (r� 0:12) is
highlighted with a black solid line.

The large-scale structure was most evidently seen around the 50%
track, irrespective of the injection conditions. The air-injection cases
in Figs. 8a–8d have tilting elliptic structures against the streamline
(considered as the 50%-averaged-concentration track) that appear
intermittently, whereas the He-injection cases in Figs. 8e–8h have
elliptic structures with the major axes almost parallel to the
streamline. According to Kida’s stability analysis [12], an elliptic
vortex appears in the shear flow, and it rotates, depending on the
velocity fields. The stable structure is an ellipse that is parallel to
the streamline. In this sense, the He-injection cases generally have
stable structures. For every case, the high-correlation regions lie
almost between the maximum and 10% tracks. This should result in
the formation of the jet boundary width. Since the time-averaged jet

Fig. 5 Normalized STD images of LIF signal for cases 1 and 5.
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boundary resulted from the shapes and behaviors of instantaneous
turbulent structures, the reason why the He-injection cases have
narrower widths than the air-injection cases is due to the turbulent
structures parallel to the streamline. Therefore, the narrower jet width
would represent the more stable flow structures.

Physically, the correlation region for which the contours are
concentric circles indicates that the fluctuation at the reference point
is isotropic. For cases 1 and 3 at x=D� 12 in Fig. 9, the correlation
region is almost round, and the maximum trajectory fluctuates
significantly. These results indicate the shape changes from a

backward-leaning ellipse to a circle because of large-scale flow
motions resulting from the change of the velocity field [1].

Qualitatively, the intervals of eddies from the highly significant
correlated region can be observed for every case. In case 1, the
correlation region appears regularly at intervals of about 4D. The
appearance intervals increased to about 4:5D to 5D with increasing
mainstream velocity (cases 2 and 4). This trend is opposite to one
observed in the comparison between Figs. 3a and 4a. The statistical
result gives actual features of the turbulent motion found from many
realizations, while the instantaneous images provide one particular
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Fig. 8 Spatial correlation maps for air and He injection in the side-view centerplane.
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feature of the motion. Therefore, the statistical result is more general
and reliable. The intervals with increasing J (case 3) are almost the
same as in case 1. In the He-injection cases, the appearance interval
ranges are broader than those in the air-injection cases, namely, from
3D to 9D for cases 6 and 8, and they are not clearly defined for cases 5
and 7 because of elongation of the correlation regions. The cause of
the elongated correlation regionmay be the smaller scale that appears
in narrow intervals, or the structuremay be inclined in the streamwise
direction so that the correlated region appears as an elongated shape.
These resultsmay prove that the structure becomes less coherentwith
increasing compressibility. The appearance interval seems to be
dependent on J, because the positions of the highly correlated region
in cases 1 and 3 are not very different.

To investigate the geometrical development of the structure
quantitatively, a least-squares curve fit [13] was made of each highly
correlated region with an ellipse. We discuss the shape, size, and
orientation of the ellipse fitted to the correlation regions of r � 0:5.
Figure 10 presents changes in the inclination angles of themajor axes
plotted along the 50% track for six different cases of each J. For
comparison, the subsonic cases that had amainflowMach number of
0.91 for both injectants are plotted as well.

Obvious axis switching of the fitted ellipse occurred only in case 1
and subsonic cases 9 and 10. In cases of J� 1:9, the degree of
inclination does not change very much for supersonic cases except
case 1. But, the degree is greater in a higher Mach number than in a
lower Mach number. In cases of J� 2:8, the degree inclination
distributes between�15 and�45 deg, and it increases slightly as the
structure goes downstream in the air-injection cases. On the other
hand, in the He-injection cases, the inclination angle does not change
much as J� 1:9 but approaches 0 deg for J� 2:8. In case 7,
although a slight axis switching is seen at around x=D� 5, it
approaches to zero. In case of J� 2:8, the main flow Mach number

seems not to have significant influence on the inclination for both
injectants, although higherMach number cases show slightly greater
inclinations. With regard to the axis switching, it occurred around
x=D� 5 to 6, irrespective of injectant species and J in the subsonic
condition. On the other hand, in the supersonic condition, obvious
axis switching occurred only in the lower-compressibility case with
lower J and slight axis switching occurred in the initial stage in the
higher-compressibility case with higher J. This means that the axis
switching represents a highly unstable flow state, and the unstable
state appears around x=D� 5 to 6 downstream of the injector. With
regard to the extent of inclination, some previous studies [5,11],
including wall-injection and mixing-layer investigations, indicate
that the large-scale structure in the shear layer is oriented from 25 to
45 deg to the streamwise direction for a low-convective Mach
number, namely, Mc � 0:66 for [5] and Mc � 0:745 for [11]. Our
results show that the inclination angle for air-injection cases or lower-
compressibility cases is 15 to 60 deg, and it can reach 75 deg,
although they are against the streamline direction. Gruber et al. [5]
reported that the higher-compressibility case is more likely to rotate
or increase the anglewhile flowing downstream. However, our result
in Fig. 10 indicated the opposite trend; the higher-compressibility
cases showed a smaller inclination angle; in other words, the
structure hardly rotated. Some reasons that caused this difference
can be considered. The possible reasons are difference in the
measurement technique and streamwise velocity. Gruber et al.’s
investigation was done with Mie scattering. The SiO2/ice particles
were used as tracers, and they were introduced into the main flow.
The particles may be heavier than the gaseous injectant; hence, the
particles would overestimate the real flow path owing to lack of
traceability [7,14], especially where the local velocity variance
exists. In contrast, PLIF uses gaseous molecules as a fluid marker so
that it is capable of following the realflow and represents the realflow

Fig. 9 Spatial correlation maps for air and He injection in the side-view centerplane.
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behaviorwithout any concerns in terms of the traceability. Thismight
cause the disparity by coupling with the other reason. The other
possible reason is the difference in streamwise velocity distributions
between the present study and Gruber et al.’s investigation [5], since
the shape of the correlation region is strongly influenced by the
velocity distribution and tends to tilt toward the fast flow direction
[15]. The streamwise velocity on the jet-flow side is usually
considered to be faster than the main flow side. However, in the
present case of transverse injection, the central part of the jet flow
passes a Mach disk, and there occurs a large total pressure loss.
This pressure loss of the jet-flow results in a wake-type velocity
distribution in the air-injection case [6,7]. For the He-injection case,
the jet velocity might be faster than the main flow side because of the
faster acoustic velocity. Furthermore, the local velocity distribution
around the upper jet boundary between our study and Gruber et al.’s
[5] in the He-injection case might be different; the streamwise
velocity distribution in the jet side in their studymight bemuch faster
than the main flow side, whereas the jet and main flow side velocities
might be almost the same in our study [1]. Then the elliptic shape of
the correlation region for which the reference point was chosen
around the 50%-concentration track in their study, results in a highly
backward-leaning shape, whereas ours is almost parallel to the
streamline. Thus, the disparity in the orientation trend might have
happened. Since we did not measure the velocity distribution for the
He-injection case, it should be investigated to affirm this explanation.

Figure 11 presents the equivalent diameter distributions obtained
from the region of r � 0:5 (Dr�0:5) plotted along the streamwise
direction for cases 1 to 8. The equivalent diameter was introduced in
[1] for the quantitative comparison of the size of the correlation
regions. For J� 1:9 in the subsonic cases, clearly, the size keeps
increasing as it goes downstream; on the other hand, the size reaches
a maximum by x=D� 5 in the supersonic cases for both injectants.
Between air and helium, there is almost no difference until x=D� 7,
then helium shows a slower increase in the subsonic cases. In the
supersonic cases, there is a slight difference, but it is smaller than
those of the subsonic cases. The influence of Mm is small in the
J� 1:9 cases. For J� 2:8, the He-injection cases show a larger
difference caused from Mm when compared with the air-injection
cases for the supersonic cases but, finally, downstream of x=D� 8,
both air and He are almost the same.

Comparing these results with the results of the PLIF visual-
izations, increasing the mainstream Mach number increases the
appearance interval, the inclination angle, and the size of the large-
scale structure, and the structure is likely to be stretched. A linear
stability analysis conducted for the mixing layer [16] predicted that
the increase of the mainstreamMach number reduces the growth rate
and gain along the streamwise coordinate. Our results are consistent
with this prediction, although our flowfield was generated by a
transverse injection into the supersonic main flow. This result proves
the prediction of the linearized theory [16]. To summarize those

observations and, taking into account the fact that the higher main
flow speed and lighter injectant make a more highly compressible
condition, the velocity field made by the main flow velocity field
would dominate the convection characteristics of the turbulent
structure, especially when the injection momentum is relatively
weak. Since we investigated only two conditions in terms of J, the
threshold condition of mainstream velocity dominance is not given.
Further investigationwould be necessary.Moreover, when the jet has
higher injectionmomentum, it more strongly influences the turbulent
structure than the main flow does.

IV. Conclusions

We investigated the effects of the jet-to-mainstream momentum
flux ratio J, the main flow Mach number Mm, and the injectant
species on the development of the large-scale structure. Eight
different flow conditions with supersonic main flow and four
conditions with subsonic main flow were examined by systemati-
cally changing the above-mentioned parameters with the aid of PLIF
visualizations and their statistical analyses of the single-time two-
point spatial correlations. The following conclusions were drawn.

1) The penetration of the jet is not affected significantly by the
main flow Mach number or injectant species. Also, the large-scale
structure appears on the 50%-concentration track, irrespective of the
main flow Mach number and injectant species.

2) The observable difference in the structure at the jet/air interface
between the air-injection and theHe-injection cases can be explained
by both of the K–H and R–T instabilities.

3) The shape of the large-scale structure identified by the spatial
correlation region was a tilting ellipse in the air-injection cases,
whereas the shape in the He-injection cases was an ellipse parallel to
the streamline. Taking into account the precursor theoretical
prediction, the He-injection cases have a stable flow structure.
Moreover, the elliptic structure parallel to the streamline results in the
narrower averaged jet width.

4) Obvious axis switching was observed in the subsonic and lower
mainstreamMach number of the supersonic caseswith lower J for air
injection. This indicates that the flow condition having lower
compressibility and lower J causes axis switching, and it can be
translated as the unstable flow condition.

5) The size of the large-scale structure grew until x=D� 5, and
then it remained constant in the air-injection cases, whereas that of
the He-injection cases kept growing slowly throughout the whole
observed region. The large-scale structure produced by the He-
injection was smaller than that produced by the air injection. The
former was likely to be elongated toward the streamline direction.

6) The appearance interval, the inclination angle, and the size
of the large-scale structure tended to increase as compressibility
decreased. The structure was likely to be stretched toward the
averaged-velocity direction as the main flow Mach number
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Fig. 11 Equivalent diameter of the area of r � 0:5.
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increased. Increasing the velocity difference between the jet and
main flows caused the large-scale eddies to appear more frequently.
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