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Abstract

Planar Rayleigh/Mie scattering and acetone PLIF
flow visualizations along with CFD results are
presented for helium injected at sonic velocity into a
nominal Mach 2 freestream air flow. The helium is
injected parallel to the freestream from an extended
strut with three different nozzle-to-freestream air static
pressure ratios. Jet spread is insignificant for all three
pressure cases. However, large scale, spatially periodic
and organized structures are observed primarily in the
under-expanded cases. The jet interaction is markedly
three dimensional as exhibited by the irregular helium
jet contour and the appearance of a conical shock in
the highly under-expanded case. The Mach disk, jet
spread, barrel shock and recirculation zone shown in
the CFD results compare reasonably well to the planar
Rayleigh /Mie scattering and the acetone PLIF images.

Introduction

Gaseous fuel injection into a supersonic airstream
will be used in air-breathing hypersonic planes with
supersonic combustion engines such as the National
Aerospace Plane (NASP) and its derivatives. Several
methods of injecting fuel into supersonic combustion
ramjet (scramjet) engines have been proposed; among
them is injection from a strut located in the upstream
portion of the combustor.”® This concept of strut
injection leads to the experimental configuration
outlined below. The engineering challenge for
injection of fuel, either normal or parallel, into a
supersonic freestream air flow is to produce optimal
mixing with minimal losses within the space and time
constraints of the combustor. Normal injection
produces better mixing but causes ma}or thrust losses
primarily due to strong bow shocks.* Therefore, it
would be advantageous to increase the extent of
mixing in parallel injection to that of normal injection
without incurring the associated thrust losses.

Passive means such as modlfxed nozzle geometry,
selective initial conditions,' and acoustic excitation™
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have been shown to enhance mixing in subsonic
parallel injection. However, injection and combustion
in scramjets occurs at supersonic speeds (e.g., com-
bustor Mach numbers of approximately 2 for flight
Mach numbers of 7 or 8}, and mixing characteristics
are conceivably different under supersonic conditions
compared to subsonic conditions. Although the effects
of fluid compressibility encountered in supersonic
flow can inhibit rru)&.’.mg‘,14 7 shock waves can be
generated to enhance mixing.*® Continued studies
through experiments and computational fluid
dynamics (CFD) will cultivate a better understanding
of mixing phenomenon in supersonic flows. The CFD
results provide useful information for the design of
experiments and the experimental results provide a
detailed data base for future CFD work and to gage
the accuracy of the CFD results.

The objective of this research is to investigate
supersonic parallel injection and mixing through
observation and measurements of flow parameters
using acetone Planar Laser Induced Fluorescence
(PLIF), planar Rayleigh/Mie scattering, and com-
parison to CFD results. The first consideration in this
research is the injection model. The injection nozzle
needs to be mounted inside the supersonic tunnel
with minimal upstream disturbances to eliminate
extraneous factors from the experiments, A strut
provides rigid support for the nozzles and the added
benefit of a recirculation zone for flame holding in
combustion applications. This strut is similar to a
typical splitter plate used in shear layer studies except
that the flow velocity is the same on both sides of the
strut and the base of the strut is blunt rather than
tapered to a knife edge. By extending the strut
upstream through the nozzle into the settling chamber
and using the method of characteristics to design the
nozzles, shock waves are eliminated in the free stream
before reaching the end of the strut. Although the
strut and injection nozzle are of a simple geometry, the
two-dimensional expansion of the freestream over the
base, combined with the axisymmetry of the jet result
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Figure 1 Schematic of supersonic combustion tunnel

in a complex three-dimensional flow field. The flow
characteristics of this design are intermediate between
two-dimensional slot injection from a base and parallel
injection from an axisymmetric configuration.

Experimental Facility

This research was conducted in the newly built
supersonic combustion research facility at the

degree bend to enter a dircular converging nozzle.

The nozzle is inserted into the center of the trailing
end of the strut. The nozzle is directly preceded by a
straight section that is over 40 injector diameters in
length. Helium is used as the injectant to simulate
hydrogen which will be used in future hydrogen/air
combustion tests. Helium exits at sonic velocity from a
0.138 in. (3.5 mm) diameter converging circular nozzle

(Figure 2).

Aero Propulsion and Power Directorate, Wright
Patterson Air Force Base.” The wind tunnel

is capable of continuous flow operation at
maximum stagnation conditions of 400 psia
(2.75 MPa) and 1660 R (889 K) at a peak flow
rate of 341bm/s (155 kg/s) with the test section
design static condition being 7.35 psia (51 KPa)
and 525 R (292 K). The test section temperature
and pressure conditions are adjusted by mixing
air from hot and cold supply lines in controlled
quantities. The nominal 5by 6in. (12.70 x 15.24
cm) test section has optical access from three
sides and from the downstream end. A tunnel
schematic is shown in Figure 1.

The 0.5 in. (1.27 cm) thick strut extends from
the settling chamber, through the nozzle section
and into the test section, thus avoiding leading
edge shock waves. The Mach 2 nozzle (Figure
2) was designed by the method of character-
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istics to eliminate shock waves and provide a
uniform, nominal Mach 2.0 freestream flow
before reaching the end of the extended strut

where injection occurs. The plumbing for the
injector runs through the sidewall of the tunnel
into the strut and is directed through a 90

Figure 2 Schematic of extended strut and reference

coordinate system
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Fiow Diagnostics

Planar Rayleigh/Mie Scattering

A Lambda Physik EMG 150 Excimer laser
produced the 248 nm wavelength ultra-violet
radiation used for Rayleigh/Mie scattering.
The laser beam was transformed into a sheet,
approximately 0.5 mm thick, and projected

Cylindrical Lens

Spherical Lens ~___ Tuming Prism

5 Test Section

Excimer laser

Mirror

Tuming Prism

through the test section by a series of lenses
and prisms as shown in Figure 3. A Princeton
Instrument Intensified Charge Coupled Device
(ICCD) camera with forced cooling captured images
of the flow on command and stored them in a central
processing unit (CPU) for subsequent analysis. The
signal was collected through a Nikon UV-Nikkor 105
mm {/4.5 telephoto lens and was imaged onto the
578 by 384 pixel array of the ICCD camera. The
effective gate width of approximately 10 ns, which is
the laser temporal pulse width, is sufficiently short
in duration to consider the images instantaneous. To
keep the plane of interrogation in focus, the ICCD
camera was mounted on the same three axis trans-
versing table as the optics so that the laser sheet and
camera moved in unison.

Naturally occurring moisture in the wind tunnel
condenses to form an ice “fog” that effectively
scatters the UV radiation. The resulting scattering
highlights shock waves in the freestream and the
mixing of the freestream air with the injected helium
jet. Figure 4 a,b,c are schematic representations of
the flow field as seen using the planar Rayleigh/Mie
scattering technique. They are provided to outline
the features of the flow field for reference when
viewing the actual Rayleigh/Mie images. This
visualization method with nat-urally occurring
moisture has prevxously been used in supersoruc
boundary layers™ and mixing layers.* Likewise,
condensed droplets of ethanol added to the
freestream fiow have previously been used in
visualizing supersomc mixing layers” and a
transverse sonic jet.*” However, these particles are
not conserved scalars throughout the flow since the
fluid temperature changes as it passes through shock
waves, expansion waves, and viscosity dominated
regions (i.e., boundary layer), possibly creating or
destroying particles by condensation and evapora-
tion respectively. A change in scattered light due
to temperature change (particles being created /
destroyed) cannot be discerned from an increase/
decrease in scattered light due to existing particles
amassing in a particular region.

The information contained in these images is
analogous whether the scattering is Rayleigh or Mie.
As long as the particles follow the flow, their size
is not of critical importance. Because the particles
are formed through a homogeneous nucleation
_ process, they are probably small. Evaluation of
particle size by Elliot™ in nominal Mach 2 and 3
freestream showed the particles to scatter light in the

Figure 3 Mie scattering optical arrangement
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Figure 4 Schematic of planar Rayleigh/Mie images
a) streamwise b) planarand ¢) face-on views



Rayleigh regime for a wavelength of 532 nm. The
particles of the present study seem to follow the flow
as represented by ligaments of freestream fluid, which
contains particles, entrained in the helium Jet
{discussed in the Results portion of this paper). Future
work will include measurements of the particle size.

Acetone PLIF

A frequency doubled Spectra-Physics Quanta-Ray
DCR-4 Nd:YAG laser (532 nm wavelength beam) in
conjunction with a Quanta-Ray wavelength extender
(WEX-1) produced the ultra-violet radiation (266 run)
for acetone PLIF. The acetone added to the helium jet
was regulated and metered along with the helium gas
flow rate. The same optical system as shown in Figure
3 was used except that the Excimer laser was replaced
by the YAG/WEX system. Likewise, the same imaging
system was used as in the Rayleigh/Mie set-up except
that a Nikon Nikkor 60 mm f/2.8 Micro lens replaced
the UV telephoto lens. Because of the visible fluores-
cence, an ordinary camera lens can be used; an added
advantage of an ordinary lens is that it effectively
blocks the strong particle scattering at 266 nm.

The acetone PLIF images show the internal shock
structure of the injected helium jet (see the schematic
in Figure 5). Acetone has proven to be superior to
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Figure 5 Schematic of PLIF image, streamwise view

other molecular tracers because of its high signal to
noise ratio, non-toxic nature, and an excitation
frequency that is easily accessible by different lasers.™
Acetone {CH3-CO-CHS3) has a molecular weight of
58.08, a specific gravity of 0.79, and a vapor pressure of
3.48 psia (24 KPa) at 527 R (293 K). It absorbs light and
is excited from a ground singlet state to a first excited
singlet state in the 225-320 nm wavelength band. Most
of the excited acetone molecules in the singlet state are
transferred to the triplet state and almost all of the
remaining excited singlet molecules fluoresce in the
350-600 nm wavelength band with a lifetime of a few
nanoseconds. The triplet state molecules undergo
phosphorescence which is shifted toward the red with
respect to the singlet-state fluorescence, with a natural
lifetime of approximately 200 ps.** However, the
triplet state is effectively quenched by O2. The limited
gate width of the camera captures only the
fluorescence signal. The aforementioned acetone
characteristics are included in a more detailed
description by Lozano et al.®

CFD Code and Conditions

All numerical results presented here were obtained
through the use of the General Aerodynamic
Simulation Program (GASP). All numerical results
are three-dimensional and include the combustion
tunnel nozzle solution starting from the subsonic
portion of the nozzle, the throat area, subsequent
expansion in the supersonic portion in the nozzle
and the mixing regions starting at the base of the
extended strut. All results were obtained using
the flux-differencing scheme of Roe. In addition,
Sutherland’s law is used to determine individual
laminar species viscosity while Wilke’s rule is used
to determine the mixture viscosity. The Baldwin-
Lomax eddy viscosity model accounts for turbulence.
Perfect gases are assumed and binary diffusion can
occur under the presence of mass fraction gradients,
The binary diffusion coefficient is calculated using a
constant Schrnidt number of 05 Air and helium
input conditions for the code were chosen to match

Table 1 Operating conditions for helium injection into Mach 2 air freestream

Po To | Mach Pow too pw U
Pa K Pa K kg/m? m/s
Freestream 295,442 300 2.0 37,7581 167 | 0.7894 518
He Case 1x 92,755 | 339 1.0 45,181 | 254 | 0.8556 939
He Case 2X 164,898 | 339 1.0 80,322 | 254 | 0.1521 939
He Case 4x 398,503 | 339 1.0 194,111 | 254 | 0.3676 939

N



the experirmental operating conditions listed in Table 1.
The calculations were carried out in a multi-zone
fashion with two zones in the nozzle region, one
upstream of the bagse edge of the strut and two down-
+ 'stream of the injection point. For the two mixing
e zomes, complete Reynolds averaged Navier-Stokes
- c*quatmm are solved. Locally, 3rd order computations
of inviscid flux contributions in the streamwise and
‘transverse directions are used in conjunction with st
order accurate contributions of inviscid terms in the
spanwise direction. Viscous contributions are second
“order accurate. Wall boundaries are treated as
adiabatic, and first ()rd exr computation of grrtzchents at
the wall are used.

Due to symrmetry, only one quarter of the injector
mnugurahon was modeled. The near field around the
injector is an unsteady and complex fiow field. The
goal of the CHD investigation was to capiure the bulk
characteristics of the mean flow to compliment the
instantaneous ex penmenmi images. Note that the
individual insiantancous experimental images are
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representative of the relevant time-averaged
experimental i images ¢ ‘of the flowfield, fus making
direct comparison between CFD and experimental
results meaningful.

: Resu%&"éhgﬁ_i}iscussian

The helium is injected at nozzle-to-freestream air
static pressure ratios of 1, 2, and 4 (denoted as cases 1x,
“2xand 4x); these operating conditions are summarized
in Table 1. Figure 4 shows schematic drawings of the
three orthoganoi planes of view for the Rfaylengh / Mie
scattering technique: streamwise, planar, and face-or:.
Both the streamwise and the planar ifnages represent
2 1.7 by 1.1 in, field of view, with the flow direction
being left to right, With the 578 by 384 pixel atray of
the carnera, this corrésponds fo an apparent resolution
- of 0.0030 in. (76.2 m) per pixel. However, the overall
resolution is limited by the laser sheet thickness of
about 0.5 mm. The facs-on view hasa 1.2by 0.8 in.
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Figure § Sireamwise views on centarling of a) no-injection and b) 1x pressire matched cases
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L of view with the How direction being out of the
ne of the page. Figure 5 shows the schematic
drawing for the streamwise view for acetone PLIE,

ich has a 080 by 0.53 in. field of view.

shows Mie scattering images for all four
:L.L’Emi 0 fngection, 1x, 2%, and 4x. This figure
eam and downsiream views (taken
during different laser pulses), separated by a white
line, for each pressure condition. The Images are not
corrected for laser intensity variation or background,
but the contrast is adjusted for print quality. The jet
does not penetrale transversely beyond the strut
boundary laver revanants” (e, fimd downstream of
the strut base that wag initially in the boundary layer),
except for some struchares n the 2x and 4x cases. The
“boundary lnver remmants” are identified in the images
as the most intense region of the freestream that
Borders the helium jot (Figures 4 and 6), This is siemdlar
trr observations mmh Hao ()mp&imbh} riormal injection
@ w%ww these ‘boundary aya-r remnants’ appear b
< atop the injectant § fluid *

Figure 6 Streamwise views on centeriine of ¢) 2xand d) 4x pressure matched cases

The field of view presented is limited to 25 jot
diameters downstream of injection. Jet behavior may
differ further downstream, The temperature and
pressure of the boundary layer remnants’ change with
passage through the expansion fan and shock wave(sh.
This may decrease/increase the scattering signal
interwity as previously discussed. The images show
the boundary layer to be approximately .17 in. (4.3
i} thick before reaching the base of the Esmmdw%
strut, while CFD results predict a 013 in. (3.3 )
thick boundary layer.

From the streamwise views sirilar to Figuee 6,
average ot core lengths and recompression shodk
angles can be estimated. Conventional definitic ‘
the jet core are based on injectant gas concenty ation
measurements. Hince the intensity change isnota
known function of concentration in these Imagss,
determination of the core length is an approximation.
The rectroulation zone for the no injection case was
observed o extend approximately 040 in, beyond the
base of the strut in the direction of flow, The G405,
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Figure 7 Face-onviews at 0.5

: Imuted resgluiion o

length of the recirculation zone relative to the 050 in.
strut width is similar to observations in subsonic
flow™ The recirculation /jet-core zone extends about
025 t0 0.35 in. beyond this in all three injection cases,
The recompression shock angles remain about the
sarne for all three injection pressures and the no
m]e{:txon case. The slight variation between 12 and 16
degrees, measured with respect to the streamwise axis,
indicates that the near-field injection phume does not
significanfly alter the freestream recompression shock
angle. The large density and pressure gradients
associated with the recompression shock are difficult
to locate precisely in the CFD resulis because of the
{ the three-dimensional CFD
generation grid. However, the CFD results do show
an increase in density and pressure across a region
_ surroundmg the presumed focation of the
recompression shock.

Figure 7 shows corresponding face-on Rayleigh/
‘Mie images and CFD results for the Tx and 4x cases at
a streamwise location of 0.5 in, (1.27 an). Note that
the face-on spanwise images are elongated along the
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. l S N .
.00 Q.80
SPANWISE LOCATION Gnchasj

spanwise axis duetg a 27 degree angle between the
carnera axis and the ﬂo v ax After caicuiahng
o xgonomem .....
contour is still oblongw m'n t_he major axis along the

spanwise axig, Th eccentx‘mty'( N 7 where ab
are the semi-iiaj ni~minor axes, respectively)
of the jet core region is greater than 0.86 for all
injection cases.

The large scale mixing with the freestream fluid

occurs primarily in the fransverse direction as illus-
trated by the ’_lc_>_b_e_d’ structures along the periphery of

the jet contourr in the transverse direction. These lobes
are most v:szbk; n t‘ne 4~x case (Flgure 7b), but can be

the under- expanded cases where the’ stru chures are
distinctly visible, the structures appear in the same
position on the 51 images x ecorded at each location.
Therefore, a time dveraged i image, corresponding to
the CFD results, would show structures similar to
those on the instantangous images. The corresponding
CFD plots of helium mole fraction (Figures 7c,d) show
protuberances <;'1mﬂar in: appéarance to the lobed
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Figure 9

Streamwise views on centerline for
4x pressure maiched case:

a) Acetone PLIF

b):CFD generated Mach contours
¥ PlanarRayleigh/Mie scatiering
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Pieshe that the CFD seale s more than
of the inage scale for belter

sil mi i b gmﬁuier:ﬂ;ru

i 1ages taken in the other two orthoganol
iew show these large scaled struc-

2 . Figure 8a,b shows planar cut
nages d% & 1r;m~.1fums; location 008 in, (1.27
) above the centerling for the h ancl 4x
ﬁua viow rswecﬁs conserutive sets of
mpm,;,mm; downsirean yri UL

sErupotiires,

j . in. m SR i} et a%vrx =r} Hi p;;me*; sy, The
et s the 83 case are not as cistingt as the

Ix case ab thas ransverse location, The
corresponding CFD plots (Fgure Hde} of -
helium concentrmbion show simtlar rasults,

3 plat for the b case shows noticeable
it fluctuations of hellum conceniraion
s the jet, whereas the plot of the 4x case s
rmore uniform, This concentration difference
' he appearance of more distinct
astream lgaments in the image of the
h case. However a plartar cuf at 0010 in. (254 mm)
above the centerline for the 4x pressure case {(Figure
By shows the same type of separation betiween
-i;z*,;-"m;*{?us s the T case at 508 in. This indicates that
siruchures reach furfher in the rangverse direction for
t; c 4 case. Comparison of the corresponding CFD
images (Figure 8L supports the above observation.
Figrare 9 displays close-up, streamwise views
F CED, and Bayleigh/ Mie data for the
; munedistely downstresm of the injector for the
x case, Uipon ledvm;; the injector, the under-expanded
L«*Emm* continues to sccelerate until a barrel shock/
sk mechanism acts 1o raise the pressare 1
) vad fresstrean: value, This acceleration is
£ é;mrﬂi in the PLIF tmages as a significant decrease
ir: signal intensity (Figure 9a). The CFD results (Figure
9b predict the tocation of thie Mach disk reasonably
wadi by comparison to the PLIF images, and estimate
iE';i_, final expansion Mach number {0 be approxima teky
For the dx case, Sumilar rosulis for the Ix and 2x cases
im feate fnal expansion Mach numbers of 3.5 and 4,
respectively. [tis believed that the bending of the
foostrearm {luid as it flows off the grut of the extended
strut and encounters the side region of the barrel shock
5 & s sk to appear upstream of the
fon shock (Figure 923 This shock also
appears as a shadow-Eke outline of a brﬁ-hhi: ellipse
surrounding the helium jet in the face-on view (Figure
Comparing these bwo views reveals that the shock
‘e is cone shaped. This conigal shock, however,
does not appear in the ¥x or 2x cases. One possible
sxplanation is that the conical shock coalesces with the
camprression shock i the Zx case, Another more
fikely explanation is that the inflaence of the barrel
shock for the 2x case does not extend bevond the
Buffer reglon of the recircuiation zone. The 1x case is
prossure th_i wed and has no barrel shock.
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Figure 10 Natural log (LN} of helium densily compared to
naturat log of signal intensity

The use of acetone for injectant concentration
measurements, as demonstrated in Figure 9a, 15
prom ising, However, the lack of signa! intens
wishde the barrel shock, whaere the helium and air have
nol yeb mixed, indicates the signal intensity is not
sorle] 'y a function of mixture fraction. Instead, the
fluorescence intensity apparently follows the Iy
ruprwber density. This behavior is expected when the
spontanssus emw;mﬁ rate is much greater than the
quenching et Figure 10 shows a logarithimic plot
comparing collected sigral intersity o CFD aaloulated
helium densily for the near field region of Figure 10,
The curves agree in the extreme near field but begin
to diverge further downstream. This difference
maay be due to several factors which indude, but are
not limited to, laser sheet variations, the effects of
nnidentified flow phenomena on the flusrescence
signal, and possible CFD inacouracies. Until further
studies have been completed and this relationship
s completely understood, direct mixture fraction
measurements from the PLIF signal are not possible,

Conclusions

The sonic helium jet that was injected coaxially into
a Mach ? airstream did not spread significantly for any
of the three pressure cases considered. The jet fluid
remaing within the remnants of the splitter plate
boundary layer with the exceplion of some large scale
structures reaching into the fregstream {particularly
for the 4x case). However, the fet does spread predom-
inaptly along the spanwise direction creating an oblong
jet contour with Jarge scale structures evident along
the transverse asis of the jet. These structures a ppear
te be spatially periodlic and more organized in the under
expanded cases as compared to the pressure matched
ease. Thejet spread s markedly three-disnensional as




seen by the irregular jet contours downstream of
injection and by the conical shock in the highly
under-expanded case.

The numerical simulation captures the essential
features of the flow field, namely the barrel shock,
Mach disk, recirculation region, and expansion zone.
In addition, the Mach disk location and helium jet
spread predicted by these numerical simulations agree
reasonably well with the Rayleigh/Mie scattering and
acetone PLIF images from experiments.

Future studies will involve other appropriate
measurement techniques and mixing enhancement
schemes. Laser Doppler Velocimetry (LDV}
measurements will allow more precise determination
of the jet width and the boundary layer thickness in
addition to providing statistical velocity information.
Acetone PLIF, with refinement, will provide more
detailed information about the extent of mixing.
Passive mixing enhancement by the use of different
nozzle geometries and stationary impinging shock
waves will be explored. When concentration and
velocity information become available, the GASP code
will be tested further.
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