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Mixing and Penetration Studies of Sonic Jets
in a Mach 2 Freestream
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A comparison of the penetration and mixing characteristics of three transverse/oblique injector configurations
is presented. The three geometries studied include circular transverse, circular oblique, and elliptical transverse
injectors, and the crossflow is at Mach 2. Planar Mie scattering images of three near-field flow planes produced
substantial information about the flowfield created by each injector. In addition to global flowfield characteristics,
the Mie scattering images provided transverse and lateral penetrations for each injector. Instantaneous and
time-averaged information concerning the structural organization of the flowfields was obtained. Results dem-
onstrate increasing jet penetration in the transverse direction with increasing jet-to-freestream momentum flux
ratio. Penetration of the oblique jet is appreciably less in the near-field compared to the two transverse jets due
to the reduced component of momentum in the transverse direction. The transverse elliptic jet appears to spread
more quickly in the lateral direction than the other two jets, sunggesting that some type of axis-switching
phenomenon occurs. Large-scale structures at the interface between the jet and freestream fluids are shown for
the two transversely oriented jets, while small-scale eddies are prominent in the oblique jet flowfield. Near-field
mixing appears dominated by these eddies and the counter-rotating structures that develop in the streamwise

direction.

Nomenclature

area
semimajor axis of an ellipse

semiminor axis of an ellipse

effective injector diam, (4A4,/m)'?

particle diameter

jet-to-freestream momentum flux ratio
Knudsen number (ratio of mean free path to
particle diameter)

Mach number

static pressure

total temperature

particle response time

large eddy rollover time

velocity

streamwise coordinate

transverse coordinate

spanwise coordinate

specific heat ratio

boundary layer thickness, shear layer vorticity
thickness

eccentricity

dynamic viscosity

density
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Subscripts

ex = exit

f = freestream
jo= et

p = particle

XS = Cross section

Introduction

UNDAMENTAL to the success of hypersonic air-breath-

ing propulsion systems are the efficient injection, mixing,
and combustion processes that occur inside the combustion
chamber. These processes will take place in a supersonic stream,
and thus, must occur quickly because residence times within
such combustors will necessarily be short, even when fuel
dispersion is aided by such intrusive features as struts or ramps.
The transverse jet injected into a supersonic crossflow rep-
resents a possible configuration for fuel delivery in such en-
gines.

Many early investigations of the transverse gaseous jet in
supersonic crossflow revolved around qualitative examina-
tions of the underexpanded injection flowfield and analytical
descriptions of the injectant penetration depth as a function
of various flow parameters.'? Schlieren photographs of the
injection flowfield revealed the presence of a bow shock wave
upstream of the injector exit, rapid turning of the injectant
gas, a Mach disk, and regions of recirculating flow immedi-
ately upstream and downstream of the jet orifice. Figure 1 is
a schematic representation of the flowfield.

One analytical model developed for the prediction of jet
penetration assumed that the sonic jet issues into a stream
with no boundary layer and that no mixing occurs between
the injectant and freestream fluids near the injector orifice.'
A momentum balance applied to a prescribed plume geometry
resulted in a functional form for the penetration depth that
accurately predicted the jet penetration determined from the



316 : GRUBER ET AL.: PENETRATION STUDIES OF SONIC JETS

MacH Disk
FREESTREAM

A

RECIRCULATION

REGION 1 RECIRCULATION

REGION
INJECTANT

Fig. 1 Transverse injection flowfield schematic.

measured maximum injectant concentration profile. A similar
model developed in another study® resulted in an expression
for the penetration that suggested that the jet-to-freestream
momentum flux ratio (or dynamic pressure ratio), given by

_(pu?),  (pM?),

= o), (o), @)

was the principal controlling parameter. Another concept in- k

troduced in this study was that of the “effective back pressure”
seen by the jet. This pressure, analogous to the back pressure
in the flowfield formed by a jet issuing into a quiescent en-
vironment, is the average pressure in the near-jet region. The
complex nature of the pressure field surrounding the injector
orifice in this flow makes it difficult to determine an accurate
effective back pressure when using conventional methods.
Schetz and Billig® suggested that injection at a pressure-matched
condition (i.e., where the static pressure of the jet is equal
to the effective back pressure) produced a more optimum
penetration than simply overpressurizing the jet, due to re-
duced shock losses.

Recent studies investigated the issue of penetration more
fully.* Papamoschou and Hubbard? examined the effects of
freestream and jet Mach numbers, static pressure and density
ratios, and momentum flux ratio on penetration using schlie-
ren photography. Results indicated that the jet’s penetration
into the supersonic crossflow was principally dependent on
the momentum flux ratio defined in Eq. (1). They found little
or no effect due to the freestream or jet Mach numbers, while
evidence of an optimum penetration at a certain pressure ratio
provided support for the matched pressure condition cited
above.> Rothstein* used planar laser-induced fluorescence
(PLIF) to study transverse injection of hydrogen into a Mach
1.5 oxygen crossflow. A power law fit to the penetration data
was proposed. The constants in the power law expression have
been determined by numerous authors and are found to vary
widely between studies.

In addition to the extent of jet penetration, the issue of jet/
freestream mixing is of critical importance for hypersonic pro-
pulsion applications. This issue has been addressed by using
a concentration probe and PLIF of iodine.!* The results of
the former study suggested that streamwise vortices generated
at either side of the jet play an important role in the near-
field mixing process. Time-averaged mole fraction images ob-
tained from a complex staged injector flowfield®> demon-
strated rapid mixing in the region between the two injectors,
while the mixing just downstream of the second injector ap-
peared strongly influenced by streamwise vorticity. These vor-
tices, which arise from vorticity in the boundary layer of the
injectant fluid,® appear very prominently in incompressible
transverse injection flowfields,” where both the temperature
and velocity fields are significantly affected by their presence.

Structural organization within a flow can have direct im-
plications on its mixing characteristics, as in the fully devel-
oped compressible shear layer.?? Recent transverse jet studies
made note of the large-scale structures that formed at the

interface between the freestream and injectant fluids.'™!" These
structures persisted until far downstream and appeared to
occur on a somewhat regular basis. Two-dimensional acetone
PLIF images taken of a subsonic jet injected into a subsonic
crossflow revealed similar large-scale behavior.'>

One drawback to transverse injection is the stagnation pres-
sure loss due to the relatively strong bow shock present just
ahead of the injector. This issue was addressed in two studies
where the effects of injection at low transverse angles to the
freestream were examined.'®-'* Reduced total pressure losses
resulted due to the weaker bow shock produced. Results from
Fuller et al." indicate that for low angle injection (6 = 30
and # = 15 deg), an increase in injection angle (combined
with fixed jet pressure-to-effective back pressure ratio) pro-
duces a faster mixing rate in the near field due to the increased
disturbance felt by the freestream. However, in the far field,
the peak injection concentrations of the two cases are nearly
equal. Transverse and oblique mixing data have been com-
piled by Schetz et al.'s and the results presented demonstrate
similar conclusions, i.e., that increases in injection angle of
oblique jets produce faster mixing in the near-field, larger
total pressure losses due to increased disturbance effects, and
no mixing advantage in the far field over the lower angle
counterparts.

Studies of a small aspect ratio elliptical jet showed that the
boundary-layer momentum thickness varied around the noz-
zle circumference leading to the development of asymmetric
vortices at the exit plane.'>!'” In quiescent and coflowing en-
vironments, spreading rates in the minor-axis plane of the
elliptical jet were faster than those associated with the major-
axis plane. This eventually led to the minor-axis spread being
larger than the major-axis spread (a phenomenon termed axis-
switching). Further spreading enhancement occurs in under-
expanded elliptical jets compared to those operated perfectly
expanded (sonic) or subsonic.'®

This investigation is a comparison of the near-field mixing
and penetration characteristics of three basic injector geom-
etries. Planar Mie scattering is used to study the flowfields
created by jets issuing from circular transverse, circular oblique,
and elliptical transverse injectors into a Mach 2 crossflow. Of
specific interest are the transverse and lateral spread of the
jet from each injector, and the instantaneous and time-av-
eraged structural behavior of the jet/freestream interface. Ex-
amination of the jet’s penetration, both transversely and lat-
erally into the freestream, allows conclusions to be drawn
concerning the effectiveness of the injection process and the
effects of both injector geometry and orientation. Investiga-
tion of the jet/freestream interfacial structure will lead to
qualitative interpretations of the mixing characteristics of each
injector by revealing the large- and small-scale motions char-
acteristic of each. Finally, this work will be used as a baseline
for future, more exhaustive studies of the three injection flow-
fields.

Experimental Facility

The experiments documented herein were performed in a
newly constructed supersonic combustion research facility lo-
cated at Wright-Patterson Air Force Base. The various com-
ponents of this facility, as well as quantitative flow quality
measurements, have been discussed in great detail elsewhere'?;
only a summary of the important features is included here.

Flow Facility

The wind tunnel used in this investigation is shown sche-
matically in Fig. 2. A series of compressors capable of pro-
ducing a continuous 34-1bm/s flow of air at about 750 psig and
ambient temperature supplied the facility. Additionally, an
exhauster system evacuated the test section to approximately
3 psia before starting the tests.

A rearward-facing perforated cone, along with an array of
mesh screens and a section of honeycomb, conditioned the
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Table 1 Injector geometries

a, b, A Acr
Injector in. in. in.” in.? €
1 0.125 0.125 0.049 0.049 0
2 0.483 0.125 0.049 0.190 0.97
3 0.246 0.064 0.049 0.049 0.97

INLET SECTION AND SETTLING CHAMBER AND  Tgsr SECTION
SUPPORT SYSTEM  SUPPORT STAND

NOZZLE SECTION END VIEWING WINDOW

% SPRAY COOLED DIFFUSER

l / WITH A-FRAME SUPPORT
E !

~——GROWTH DIRECTION '\ WATER SPRAY PORTS
THERMAL GROWTH ANCHOR POINT

Fig. 2 Schematic of supersonic combustion tunnel.

air within the settling chamber. The cone spread the flow
uniformly within the chamber while the screens and honey-
comb served to reduce large-scale turbulence and straighten
the flow before acceleration by the supersonic nozzle. Tunnel
stagnation conditions were monitored by a Johnson-Yoko-
gawa contro] system used for feedback and control of the
various valves in the system.

The present investigation used a nozzle section designed
with a method of characteristics code? to produce a nominally
Mach 2 freestream. Results of a recent effort to characterize
the tunnel indicated that the flow is uniform and two dimen-
sional within the test section at a Mach number of about
1.98." The cross-sectional dimensions of the constant area
test section used in these studies were 5 in. by 6 in. A number
of fused quartz windows, including a pair of side windows, a
top window, and an end window, provided optical access to
the flow. The resulting access to the flow allowed direct im-
aging of three orthogonal flow planes.

For the present study, injector geometries were incorpo-
rated into the removable test inserts housed within the bottom
wall of the test section. Five streamwise positions were avail-
able for injector placement. For this study, all injectors were
placed at the same streamwise location to ensure that the
boundary-layer thickness approaching the injector would be
the same for each case. At the chosen injector location, the
boundary-layer thickness-to-effective jet diameter ratio is ap-
proximately &/d., = 1.

Injectors

The three injector geometries designed for these experi-
ments included 1) a circular jet issuing transversely, § = 90
deg, 2) a circular jet issuing obliquely, 8§ = 15 deg, and 3) an
elliptical jet issuing transversely, & = 90 deg. To ensure a
proper comparison among the three injectors, each had a
cross-sectional area (i.e., area perpendicular to the jet axis)
0f 0.049 in.2. The orifice diameter of injector 1 was, therefore,
0.25 in. An additional constraint on injectors 2 and 3 was that
the elliptical geometries at the nozzle exits be similar. Equat-
ing the eccentricities of the ellipses and the cross-sectional
areas of the supply tubes allowed this constraint to be met.
Table 1 presents the geometries of the injectors, where the
eccentricity ¢ is

e = VI = (b)) @)

and a and b are the semimajor and semiminor axes, respec-
tively. Figure 3 illustrates the cross-sectional and plan views
of the injector geometries. The resulting injectors have the
same effective diameter (d., = 0.25 in.), whereas the exit
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Fig.3 Illustration of injector configurations used in the present study.
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Fig. 4 Mie scattering optical arrangement.

area of the circular oblique injector differs from that of the
other two.

Each injector was equipped with a pressure tap near the
exit, as shown in Fig. 3, for static pressure measurements. A
bank of Pressure Systems Incorporated pressure transducers
controlled by a 386-PC acquired pressure data from the in-
jectors. In addition to this, the jet stagnation temperature was
measured just upstream of the entrance to each injector using
a thermocouple that was monitored visually. Both readings
allowed the operating conditions of the injectant flow to be
set.

Dry carbon dioxide and helium served as injectant gases in
these studies. The CO, was supplied to the injector using a
manifold system of five bottles. A high mass flow hand reg-
ulator was used to set injectant pressures, and a 50-gal hot
water bath and resistive heat tape heated the copper supply
line. The energy supplied by the heaters maintained the jet
stagnation temperature at roughly 540°R. Helium was sup-
plied through a separate line using a 66,000-ft* trailer pres-
surized to 2000 psig. Helium pressures and temperatures were
regulated with the same systems as for the carbon dioxide.

Imaging System

A Spectra Physics Quanta-Ray DCR-4 Nd: YAG laser with
an 8-ns pulse duration provided the laser beam used in these
experiments. The laser pulsed at 10 Hz and a second harmonic
generator frequency doubled the 1064-nm beam to 532 nm.
This beam was again frequency doubled by a WEX system
to produce UV light at 266 nm (approximately 90 mJ/pulse).
A prism directed the beam from the laser table to the trav-
ersing table positioned beneath the test section. A pair of
coated mirrors reflected the beam up and toward the test
section at the desired elevation. Finally, a cylindrical/spherical
lens system produced the thin laser sheet used for illaminating
the desired flow plane. Figure 4 provides a schematic illus-
tration of the laser system used in these experiments.

The unintensified CCD camera and image acquisition sys-
tem used here were manufactured by Princeton Instruments.
The camera was water cooled and purged with dry nitrogen
to reduce dark count noise. A Nikon UV-Nikkor 105-mm
/4.5 telephoto lens was used for imaging the 266-nm Mie
scattering from naturally occurring ice crystals in the free-
stream, which provided a “‘scalar transport” seeding arrange-
ment.* 2! Studies of condensation inside supersonic nozzles
have shown that the ice crystals formed were nearly mono-
disperse with diameters between 0.003-0.014 um, depending
on the humidity of the inlet air.?*** Accurate particle response
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Table 2 Image acquisition details

PENETRATION STUDIES OF SONIC JETS

Table 3 Experimental flow conditions (T, , = 560—580°R)

Image plane 28 Dj»
View J Injector Injectant location J Injectant M, M, psia psia Y,
Side 1,2,3 1,2,3 He, CO, zld; = 0 1 CO, 2.0 1.0 5.3 23.0 1.29
Top 3 1,2,3 He, CO, Yidey = 2 1 He 2.0 1.0 5.3 17.8 1.67
End 3 1,2,3 He, CO, xldeg = 2,5 2 Co, 2.0 1.0 53 46.0 129
2 He 2.0 1.0 5.3 355 1.67
3 CO. 2.0 1.0 53 69.0 1.29
3 He 2.0 1.0 5.3 53.3 1.67

for Mie scattering images requires a Stokes number, defined
by

t, article response time
Stokes number = £ = — P =t (3)
t;  large eddy rollover time

of less than about 0.5 (Ref. 24). The two time scales involved
in determining the Stokes number are

p,d; 8

f, = (1 + 2.76-Kn) 18 and t; = E (4)

Using a conservative ice crystal diameter of 0.02 um and an
average velocity difference between the jet and freestream
fluids of 400 m/s yields a Stokes number of 0.003 for the
present operating conditions, thereby indicating that the crys-
tals easily follow the turbulent fluctuations within this flow-
field. The resulting images were characterized by high inten-
sity values in pure freestream regions and low intensities in
regions of pure injectant. A Princeton Instruments pulse gen-
erator provided synchronization between the flash lamp of
the laser and the camera, and the camera was gated to vis-
ualize one entire laser pulse. The 384 x 576 pixel density of
the CCD array, combined with the optical arrangement de-
scribed, produced spatial resolutions of 125 um/pixel in the
side view images, 65 um/pixel in the top view images, and
460 pm/pixel in the end view images. Each 14-bit image was
sent to a 486-PC for preliminary analysis, display, and storage.
Side view images were collected at J = 1, 2, and 3 for each
injector and both injectant gases. Top and end view images
were collected for each injector and both gases at J = 3.
Table 2 contains details concerning the various image plane
locations used here.

Further analysis of the images was performed on the 486-
PC and a Macintosh Quadra. Normalized averages were com-
puted and corrected for reflections and nonuniformities in
both the CCD array and laser sheet for each of the three
image planes. To carry out the correction procedure, 10 back-
ground images (taken with no flow) for each case were av-
eraged and the average was subtracted from each of 10 laser
sheet profiles (taken with freestream flow only) and 10 in-
stantaneous jet images. These corrected beam profiles and
jet images were then averaged. The average beam profile was
divided out of the average jet image and the resulting cor-
rected jet image was then normalized by the maximum in-
tensity within the image. This procedure was carried out for
each flow condition. Other image processing was completed
and is discussed below.

Results and Discussion

Experimental conditions for the present-study are listed in
Table 3. Notice that the static pressure within the test section
was held constant while jet operating conditions were adjusted
to provide the desired jet-to-freestream momentum flux ratio.
Global flowfield characteristics were visualized using the Mie
scattering technique. Intensity contours defined in the various
averaged images were used to provide quantitative informa-
tion about the transverse and lateral penetration of the three
injector geometries. In addition, analysis of the instantaneous
images gave information about the structural behavior of the
jet/treestream interface region and qualitative characteristics

Fig. 5 Instantaneous side view image; elliptical, 90-deg injector, CQ,.

of the near-field mixing. These results are addressed individ-
ually below.

Global Flowfield Characteristics

Planar imaging techniques, such as the Mie scattering used
here, result in two-dimensional images containing intensity
information. Figure 5 shows a typical instantaneous side view
image of a CO, jet formed using the elliptical transverse in-
jector. The location of the injector appears at the bottom of
the image. Freestream fluid, characterized by high signal
(white), contained the ice crystals used for scattering. The jet
fluid appears black/gray except within the barrel shock region.
This apparent anomaly will be discussed below. The three-
dimensional bow shock upstream of the injector is clearly
visible in the figure. From shot-to-shot, the bow shock ap-
peared to be stationary with no large fluctuations in position.

The interface between the jet and the freestream is espe-
cially interesting. The presence of large-scale structures is
immediately apparent. The orientation of these structures,
i.e., rolling up into the freestream fluid, implies that the jet
fluid at the boundary moves with a higher velocity tangent to
the interface than the freestream fluid. This tendency is ciearly
evident in studies of planar shear layers.®® A final feature of
the image in the figure is the appearance of the barrel shock
and Mach disk within the underexpanded jet. These features
are not visible in the cases where helium is used, and are most
prominent in CO, images at high J. Based on models of the
barrel shock/Mach disk region®>* and the thermodynamic
characteristics of carbon dioxide,* it is thought that as the
injectant accelerates into the freestream the CO, undergoes
a phase change from gas to solid due to the drop in temper-
ature and pressure. The frozen CO, is then able to scatter
laser light and thus appears as white in the image. Signal is
lost downstream of the Mach disk as the frozen carbon dioxide
is sublimated due to the sudden compression (and increase
in both temperature and pressure).

Transverse and Lateral Penetration

Defining the extent of jet penetration requires an objective
reference to judge different cases fairly. Since the freestream
fluid contained the scattering medium, an average freestream
intensity value from the region downstream of the bow shock
provided this reference. The averaged side and end view im-
ages allowed a clear definition of the freestream region down-
stream of the bow shock making intensity averages from within
this zone possible. However, the top view images were ob-
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tained at locations too near the bottom wall so that no free-
stream fluid behind the bow shock was available for refer-
encing. Also, due to the confusion associated with the
condensation of carbon dioxide, transverse and lateral pen-
etration data only result from the side and end view images
using helium as the injectant.

Transverse Penetration

Figures 6a—6c¢ illustrate the results of analyzing the aver-
aged side view images for jet penetration. The intensity of
the jet boundary presented corresponds to 90% of the average
freestream intensity behind the bow shock (i.e., outer edge
of the jet). Each of the plots compares the performance of
an individual injector configuration with increasing jet-to-
freestream momentum flux ratio, using helium as the injec-
tant. The injector locations are illustrated in the figures by
the shaded boxes beneath the horizontal axes. Figure 6a com-
pares the penetration profiles of the circular 90-deg injector
for values of J ranging from 1 to 3. The plot provides evidence
for the expected trend of increasing transverse penetration
with increasing J. Peak transverse penetration in the high J
case for the field of view provided by the laser sheet is about
vid. = 4.2 at x/d.; = 5.0. Further increases in transverse
penetration are expectcd downstrcam of this location since
the asymptotic value of y/d. for circular transverse injectors
occurs near x/d., = 8.

The penetratlon profiles of the circular 15-deg injector are
shown in Fig. 6b for values of J ranging from 1 to 3. The same
trend of increasing jet penetration with increasing J is evident,
although the extent of penetration is suppressed due to the

* smaller component of transverse momentum associated with
the oblique injection geometry. A peak value of about y/d.
= 2.4 at x/d,; = 5.0 is found for J = 3. The slopes of the
profiles at the downstream edge of the plot suggest, however,
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that the jet has not reached its full extent of penetration.
Notice that the exit geometry of this injector is such that the
laser sheet only allows examination of one effective diameter
downstream of the trailing edge of the exit.

Figure 6c presents the transverse penetration profiles ob-
tained for the elliptical 90-deg injector. Again, the trend of
deeper penetration into the freestream with increased J is
clearly observed. A peak penetration value of y/d., = 4.0 at
x/d.; = 4.5 is observed for J = 3. This value is close to the
peak penetration obtained from the circular 90-deg injector.
The jet cross-sectional shape does not appear to impact the
extent of transverse penetration of the two transversely ori-
ented jets substantially under the current conditions.

Keffer and Baines®” found that the penetration profile data
obtained from a subsonic jet in crossflow collapsed to a single
curve in the near injector region when the coordinate axes
were scaled by J~'. Figure 6d illustrates the results of such a
scaling on the profiles obtained in the current investigation.
Clearly, the profiles demonstrate a high degree of collapse.
The resulting power law fit is of the form

(VdeeJ) = 1.23(xld T )03 )

The correlation coefficient obtained from this fit was over
98% . Figure 6e compares the results of this correlation (for
a momentum flux ratio of 3) to others obtained from PLIF
studies.*** The plot demonstrates very good agreement at this
value of J. Although not shown, similar agreement was found
for the J = 2 case while the present correlation fell below
both referenced curves for J = 1. Figures 6d and 6e suggest
that the present method for determining the jets’ penetration
profiles produces adequate results for comparison with other
results found in the literature.

50 S —
- 321 1 ) T E
40| — - - 3= L4
20— il RSNV
yi . T F R E
20F E
10F 3
00k ]
-10 0\[O\Z0 30 40 50
c) X/d,
2.5

20 %0"?’?:5-
515 3
5 3
g 10 =1
> J=2 14
L =3 |3
osof | e sl
0.0 ¢
00 10 20 30 40 5.0

4 X *D)

LI WL N LN B N W

P

5.0
— 3= 1] il 1 3
40} — — -1=2 pmseete
_____ I=3 W E
p 3.0F USRI
b/ 3 s 3
“20F £
10F 3
0'01-0 6oNT0 50 50 40 5:‘0
-1.0 0. \E L 8 . L J
a) x/d
50 T
J=1 1 1 I ]
40 — - -1=2 3
----- 1=3 3
yid,, 30F 3
20 PRI
L g4 A
1.0F
0.0E
-1.0 0.0NI.0N2.0N3.0\4.0 5.0
b) x/deﬁ
6.0
50E
40E g
yid, 30 E &

2.0
1.0

"*"\

—e

—o— McDaniel & Graves®|
- Rothstein®
— ©— - Present Case

Fev1 rrreE rERT FYPT AT ETOT

TSN Srarwrs S W AW

00 20 40 60 80
x/d

e)

Fig. 6 Transverse jet penetration profiles: a) circular, 90-deg injector, He; b) circular, 15-deg injector, He; and c¢) elliptical, 90-deg injector,
He. Collapse of transverse penetration profiles: d) circular, 90-deg injector, He and e) comparison of empirical correlations; circular, 90-deg

injector, J = 3.



320 GRUBER ET AL.: PENETRATION STUDIES OF SONIC JETS

Lateral Penetration

Contours taken from averaged end view images using he-
lium as the injectant are presented in Figs. 7-9. As with the
préviously discussed side view penetration profiles, these con-
tours correspond to intensity values equal to 90% of the av-
eraged freestream intensity downstream of the bow shock.
Shown in Fig. 7 are the two contours obtained using the
circular 90-deg injector with the image planes located at
x/d,, = 2 (Fig. 7a) and 5 (Fig. 7b). Figure 7a shows the lateral
extent (i.e., extent in the z direction) covering roughly z/d.q
= 3.6. At the downstream location (Fig. 7b), the jet separates
from the wall, and the lobes near the wall suggest the char-
acteristic counter-rotating streamwise vortical structure pres-
ent in the injectant. Further discussion of this feature is given
in the following section. The lateral extent shown here is about
zld. = 3.4. Thus, the jet appears to contract laterally some-
what in the near-field region of this flowfield. The contours
do exhibit transverse growth as expected.

Figures 8a and 8b illustrate the lateral and transverse spread
of the obliquely oriented injector for the same streamwise
image planes as Fig. 7. Again, due to the oblique geometry,
transverse penetration is small for this injector compared to
the previous contours for the 90-deg circular injector. Ad-
ditionally, the lateral spread attributed to this injector is smaller
in the near field compared to injector 1. Here, a lateral spread
of about z/d., = 2.9 is revealed. Figure 8b again illustrates
the lobes that develop as the jet lifts from the wall, suggesting
that streamwise-oriented counter-rotating structures are found
in this flowfield also.

End view contours obtained for the elliptical 90-deg injector
are shown in Figs. 9a and 9b. Immediately visible in the first
plot is the fuller nature of the penetration contour than any
of those previously discussed. Lateral penetration is roughly
zld . = 4.5. A slightly smaller extent (roughly z/d., = 4.2)
results from Fig. 9b, indicating again that the jet appears to
contract laterally somewhat in the near field. The contour in
Fig. 9b also suggests the same counter-rotating nature of the
eddies on either side of the injector orifice as seen for the
other injectors. An interesting note on the contours presented
in Fig. 9 is that the elliptical orifice of injector 3 has about
half the span of the circular orifice of injector 1 (see “b” of

5.4
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Fig. 7 Lateral penetration profiles: a) circular 90-deg injector at
x/d,; = 2, He at J = 3 and b) circular 90-deg injector at x/dq = S,
He at J = 3.

Table 1), while its lateral penetration is 25% larger. This
indicates that the flow leaving the elliptical 90-deg injector
spreads very quickly (in the lateral direction) in the near field
compared to the circular 90-deg injector, suggesting that the
axis-switching phenomenon discussed above!” may be pre-
served in this flowfield.

Structural Behavior/Mixing
Select instantaneous images of the three views are shown

in Figs. 10—12. All images presented are atJ = 3 with carbon
dioxide or helium used as the injectant as indicated. Injector
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c)

d)

f)

Fig. 10 Side view Mie scattering images at J = 3: a) circular 90-deg injector, CO,; b) circular 15-deg injector, CO,; c) elliptical 90-deg injector,
CO,; d) circular 90-deg injector, He; e) circular 15-deg injector, He; and f) elliptical 90-deg injector, He.

a)

b)

Fig. 11 Top view Mie scattering images at J = 3: a) circular 90-deg
injector, CO, and b) elliptical 90-deg injector, CO,.

locations appear as rectangles at the bottom of each side and
end view image. Flow is from left to right in Figs. 10 and 11,
whereas the flow direction is out of the page in Fig. 12. As
described for Fig. 5, the seeded freestream appears white
while the unseeded jet appears black/gray, except where fro-
zen carbon dioxide is present.

Side view images of the near field of the three injectant
flowfields are presented in Fig. 10, where one image from the
elliptical 90-deg injector is repeated from Fig. 5 for compar-
ison. Each of the six images displays a region approximately
1.5 in. in the streamwise direction by 1.5 in. in the transverse
direction. Large-scale structures appear prominently in the
images of the circular 90-deg injection flowfield (Figs. 10a

Fig. 12 End view Mie scattering images at J = 3: a) circular 90-deg
injector; He at x/d.,, = 2 and b) circular 15-deg injector; He at
xld = 5.

and 10d). Two well-defined features are clearly present in the
first image (carbon dioxide injection), and the birth of a third
is suggested by the “clump” of fluid appearing just upstream
of the middle structure. The vortices present in the helium
injector flowfield (Fig. 10d) are nearly as well defined and
appear comparable in size to those in Fig. 10a. Freestream
fluid is entrained into the jet fluid in the region between the
large structures as clearly evidenced in both images. In fact,
the helium flowfield contains several “finger-like” intrusions
of freestream fluid into the injectant. Small-scale structures
are visible throughout the braid regions between the large-
scale vortices. Also visible in these images is the separation
shock upstream of the injector where boundary-layer sepa-
ration occurs.
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Figures 10b and 10e illustrate the instantaneous flowfield
created by the circular 15-deg injector fed with CO, and he-
lium, respectively. Immediately apparent in both images is
the lack of large-scale protrusions of jet fluid into the free-
stream as were seen for the circular, transverse injector. Small-
scale eddies appear to dominate the interfacial structure in
the near field, and freestream fluid does not penetrate into
the jet region as dramatically as for the transverse injector.
However, an interesting feature common to both of these
images is the bow shock. Figures 10a and 10d display rather
strong waves as suggested by the near normal shock behavior
near the injector wall. In contrast, the waves found in the
oblique flowfield are substantially weaker; the disturbances
behave almost entirely as oblique waves. Smaller total pres-
sure losses are therefore expected in the oblique injection
flowfield than in the transverse injection flowfield, and the
Mach number behind the oblique wave will be greater than
that associated with the near normal wave in Figs. 10a and
10d. This may affect the mixing that occurs in the interfacial
region, depending on the expansion characteristics of the
oblique jet, since the mixing layer formed between the jet
and freestream is strongly affected by the respective Mach
numbers of each stream.®*

The instantaneous elliptical injector flowfield, shown in Figs.
10c and 10f, has characteristics similar to Figs. 10a and 10d,
in that large turbulent structures are again very prominent.
Once again, freestream fluid appears to be entrained into the
jet fluid at a faster rate than for the oblique case (in its near
field) due to these large eddies. As in the circular 90-deg
flowfield, finger-like intrusions of freestream fluid appear in
the helium image, and small-scale eddies grow throughout the
braiding regions between large structures in the carbon diox-
ide case. The bow shocks in these images also behave in a
similar manner to the strong waves in Figs. 10a and 10d. A
final feature of interest in Fig. 10c is the inclination of the
barrel shock region with respect to the horizontal. Compared
to Fig. 10a, the barrel shock for the elliptical injector is ori-
ented at a steeper angle. This is thought to be indicative of
the reduced orifice dimension in the spanwise direction of the
elliptical geometry.

Figures 11a and 11b illustrate top views of the circular and
elliptical transverse injectors, respectively. Each image covers
approximately 1.4 in. in the streamwise direction and 1 in. in
the spanwise direction. The oblique injector has been omitted
since the field of view offered little information in this case.
Figure 11a shows the injector location, the projection of the
bow shock at the laser sheet elevation, and the cross section
of the jet. The high-intensity region just downstream of the
jet orifice is a cross section of the barrel shock region made
visible by the frozen carbon dioxide particles present. Large
protrusions of jet fluid into the freestream are clearly visible
in this image, and a variety of both large- and small-scale
structures appear all along the interface. Several features sug-
gesting mushroom-shaped counter-rotating pairs of vortices
are noted.

The image shown in Fig. 11b demonstrates the dramatic
nature of the elliptical injector flowfield. The jet spreads very
quickly in the lateral direction near the exit compared to the
previous figure. This trend of rapid lateral spreading within
the elliptical injector flowfield is also suggested by the aver-
aged results presented above. Large quantities of freestream
fluid are engulfed by the vortices, as evidenced by the white
regions just downstream of the injector. Smaller scale mush-
room-shaped structures, indicating the presence of counter-
rotating vortical pairs, are also present.

Instantaneous end view images of the flowfields created by
the transverse and oblique circular injectors are presented in
Fig. 12. Approximate spatial dimensions of each image are
2.9 in. in the spanwise direction and 1.9 in. in the transverse
direction. Figure 12a shows the streamwise plane at x/d =
2, whereas Fig. 12b is taken at x/d.; = 5. Counter-rotating
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vortices oriented in the streamwise direction (out of the page)
are very prominent features of each image. Additionally, Fig.
12a shows finger-like structures that burst outward into the
freestream around the periphery of the jet/freestream inter-
face. These structures are thought to be cross sections of the
vortices noticed in the side view images of Fig. 10d. No such
structures are apparent in Fig. 12b; this is consistent with the
side view image of this flowfield in that large-scale eddies are
not found. These end views give insight into the role that the
streamwise vortices play in the engulfment of freestream fluid.
Clearly, as the pair roll toward each other, freestream fluid
fills the region in between and is essentially swallowed into
the jet where the small-scale turbulence then takes over the
mixing process.

Summary and Conclusions

This investigation into the penetration and mixing associ-
ated with three injector geometries produced two-dimensional
images yielding global injector flowfield characteristics, de-
tails of the transverse and lateral spread of the jets, and qual-
itative information concerning the structural organization and
mixing. Condensed ice crystals in the freestream provided the
sites for the Mie scattering technique used. This seeding ar-
rangement, due to the small crystal sizes, provided clear iden-
tification of the jet/freestream interface in each of the three
visualized flow planes. It should be emphasized that since the
present seeding technique is not truly “passive” in nature (due
to its dependence on the local thermodynamic conditions),
no quantitative mixing interpretations can be made from these
images.

A stationary three-dimensional bow shock created by the
presence of the injectant fluid is clearly observed in all of the
images. Also evident in the images obtained from the trans-
verse injector flowfields using carbon dioxide as the injectant
are the barrel shock region and Mach disk of the underex-
panded jet. Orientations of the large-scale structures in the
two transverse cases indicate that the freestream fluid is mov-
ing with a lower velocity tangent to the interface than the
injectant fluid.

Increases in jet-to-freestream momentum flux ratio result
in increased jet penetration into the freestream for all injec-
tors studied. Injector exit geometry does not substantially
affect the transverse penetration of the jet in the near field,
while the orientation of the injector with respect to the free-
stream (i.e., transverse vs oblique) has dramatic effects. Av-
eraged images show that the lateral spreading of the elliptical
transverse injector is roughly 25% greater in the near field
than the lateral spread associated with the circular transverse
injector, indicating that the axis-switching phenomenon noted
in previous studies of elliptical jets issuing into quiescent or
coflowing environments may be preserved in this flowfield.
Injector orientation plays an important role in the strength
of the bow shock, with the shocks created by the oblique
injector being substantially weaker than those created by the
transverse injectors. This translates into a smaller expected
total pressure loss in the oblique injector flowfield.

Instantaneous images of the three flow planes show a highly
complicated, three-dimensional injection flowfield. Side views
illustrate the large-scale eddies present along the jet/free-
stream interface in the flowfields created by the transverse
injectors. These eddies result from both the interfacial strain
produced as the jet is rapidly turned downstream and the
vorticity present within the jet’s boundary layer. They are
thought to be the principal contributors to near-field mixing
between the injectant and freestream fluids. Small-scale vor-
tices develop in the braiding regions between the large eddies.
In the oblique injector flowfield, no large-scale vortices de-
velop along the interface in the near-field region. This is con-
sistent with previous work that indicates that the oblique in-
jector mixes slowly in the near field relative to transverse
injectors. Top views of the transverse injector flowfields show
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large-scale vortices extending appreciably into the freestream
and aiding in mixing the freestream and injectant fluids. Fi-
nally, end views illustrate the counter-rotating streamwise
vortices generated as the jet exits into the freestream. These
structures contribute largely to freestream engulfment by the
jet and are present in each flowfield studied. Two dominant
types of large-scale motions are thus identified within the near
injector regions of transverse injection flowfields: streamwise-
oriented counter-rotating vortical pairs and vortices devel-
oping at the jet/freestream interface orienting themselves tan-
gent to the interface.
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