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Raman Scattering Measurements of Gaseous Ethylene
Jets in Mach 2 Supersonic Crossflow
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The structures of sonic ethylene jets delivered from orifices of three different diameters and two injection angles
(30 and 90 deg) into a Mach 2 supersonic crossflow were studied experimentally. The ratio of the cross-sectional areas
of the largest and smallest injectors is 25:1. Time-averaged spontaneous vibrational Raman scattering was used to
quantify injectant concentrations by constructing two-dimensional spanwise concentration images from the one-
dimensional linewise Raman scattering images. Based on the present data set, new penetration height correlations
were developed to treat cases with injection angles of both 30 and 90 deg. Excluding the influence of wall boundary
layer, the present measurements show that the properties of fuel plume structures, such as shape, size, and
concentration profiles, are scalable with the injector size. The measured ethylene concentrations were also compared
with predictions from the revised jet penetration code, which was calibrated primarily with hydrogen and helium.
Discrepancies were observed between the measurements and the jet penetration code predictions for the structures of
ethylene fuel plumes. The experimental data generated from the present study can be used to validate the numerical

simulations.
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Subscripts

Jj = property of the injectant

0.01 = property defined at a mole fraction of 0.01
00 = freestream condition

Introduction

HE delivery of gaseous fuel into a supersonic crossflow is an
important aspect of high-speed air-breathing combustors,
which require efficient fuel-air mixing due to the short residence
time within the engine. The properties of the injected fuel plume,
such as penetration height, plume size, and concentration profiles,
play important roles in dictating ignition, flame holding, flame
spreading, and combustion efficiency for a given flowpath. The
selection of injector type, injector placement, and number of injectors
is one of the crucial engineering decisions in designing a robust
high-speed air-breathing combustor flowpath. Ideally, the injection
scheme should achieve the desired fuel-air mixing with minimal
stagnation pressure loss. Several existing papers provide extensive
reviews on fuel-injection technologies associated with the develop-
ment of high-speed, air-breathing propulsion technology [1-4].
The flush-wall injector has been a fairly simple response to the
challenge of fueling a high-speed air-breathing combustor. Flush-
wall injectors can be directly drilled on the combustor walls or be
distributed on the surface of intrusive injection components, such as
struts and pylons. In addition to the injector placement and operating
conditions, the design space for a flush-wall injector includes the
choice of fuel, orifice shape, orifice size, and injection angle.
Properties of injected gas plumes from several types of flush-wall
injectors have been investigated to generate a broad range of data and
to obtain useful insights into fundamental fuel-air mixing mecha-
nisms [3—13]. Furthermore, useful correlations, predictive tools, and
sophisticated numerical simulation capabilities have been developed
to model the gaseous fuel jets to facilitate combustor design and to
supplement limited testing opportunities.
The applicability of the existing correlations and predictive tools
to alarge-scale, high-speed air-breathing propulsion flowpath should
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also be further validated. This task, however, cannot be performed
without expanding the existing database using relatively large
injector orifices. If a high-speed air-breathing combustor is photo
scaled in size to capture 10 times the air mass flow rate, the injector
diameter should roughly be scaled up 3.2 times (square root of 10).
The size of large-scale flush-wall injectors can, therefore, lie outside
the typical range of injector sizes used for the development of
existing correlations. Consequently, the structures of large-scale fuel
plumes may not be modeled accurately by existing correlations and
predictive tools. One of the contributing factors may come from the
differences in the wall boundary layer, which may not be scalable
between the small- and large-scale flowpaths but can greatly affect
the structures of injected fuel plumes.

Among the predictive tools, the jet penetration analysis code
(JETPEN) is relatively robust and easy to use. This code was first
developed by Billig etal. [12] in 1971 for the analysis of gaseous jets
in supersonic crossflows. The fundamental idea of this analysis is to
relate the behaviors of transverse jets injected into supersonic
crossflows to the behaviors of underexpanded jets injected into a
quiescent environment by modeling the effective backpressure
experienced by the transverse jets. The performance of the JETPEN
code was later improved by Billig and Schetz [13], so that cases with
injection angles other than 90 deg could be treated and the turbulent
entrainment of freestream air into the fuel plume could be
incorporated. The revised JETPEN code was developed over a wide
range of conditions: freestream air, 1.4 < M, < 6.0; jet Mach
number, 1.0 < M; < 1.8; injection angle, 15 deg < 0 <90 deg;
jet-to-air momentum flux ratio, 1.0 < ¢ < 10; and helium and
hydrogen injected into air. The applicability of the JETPEN code to
higher-molecular-weight gases, such as hydrocarbon fuels, should
be validated.

The objective of this study is to obtain quantitative fuel plume data
for ethylene jets delivered from injectors of a wide range of sizes,
with the largest injector orifice corresponding to a large-scale com-
bustor. The Raman scattering technique has been implemented in
several fuel-air mixing studies [14,15] and was adopted to obtain
time-averaged cross-sectional concentration profiles at various free-
stream locations of the ethylene plumes in the present study. Other
measurement approaches, notably planar laser-induced fluorescence
(of nitric oxide, for example), enable the measurement of the
instantaneous plume structure, but the focus here was on quantitative
measurements (albeit, time averaged) that could used for model
development and validation. The data will then be compared with the
existing correlations for fuel plume penetration height and with the
fuel plume properties predicted by the JETPEN code. The scalability
of the ethylene fuel plumes will also be discussed. Ultimately, itis our
hope that this database can be used for the validation of advanced
numerical codes, such as those employing the large-eddy simulation
technique.

Experimental Methods
Experimental Setup

Ethylene injection from various injector blocks into a Mach 2
supersonic environment was carried out in Research Cell 19 at
Wright—Patterson Air Force Base (Aerospace Propulsion Division,
Propulsion Directorate). The test section of the wind tunnel has a
constant cross-sectional area with a width of 15.2 cm (6 in.) and a
height of 13.1 cm (5.16 in.). The sidewalls have integral fused silica
windows, whereas the top wall includes a BK-7 window. The total
temperature and total pressure of the wind-tunnel air were kept at
300 K (80°F) and 0.24 MPa (35 psia), respectively, for the present
experiment. The axis of the injector orifice was positioned at the
centerline in the spanwise direction and located 15.0 cm (5.9 in.)
from the entrance of the test section. The boundary-layer thickness is
about 6.4 mm (0.25 in.) at the injector exit. The relatively thick wall
boundary layer is more representative of the local conditions inside a
large-scale flowpath. The turbulence level of the incoming free-
stream air into the test section was not characterized for this study but
is believed to be low (<1%) based on measurements in a similar
flowpath. In addition, no major flow distortion has been observed
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Fig. 1 Schematic of the injector block.

during the use of this wind tunnel for other research activities. Six
injector blocks were designed and fabricated for this study. Figure 1
shows a schematic of one of these blocks. Three orifice diameters of
1.6, 4.8, and 7.9 mm (1/16, 3/16, and 5/16 in.) and two injection
angles of 30 and 90 deg were selected. The ratio of the cross-sectional
areas of the largest and smallest injectors is 25:1. For the 30 deg
injectors, the orifice diameter refers to the diameter of the final
passage before the exit orifice, which is elliptical in shape. Adapted
from the injector design of Gruber et al. [11], a third-order polyno-
mial equation was used to generate the interior contour that
determines the transition from a supply tubing diameter of 19 mm
(0.75 in.) to the desired injector exit diameter. The injector block is
31.8 mm (1.25 in.) thick. The inner contour was machined and
polished to a smooth finish.

Injectant

Ethylene was selected as the test fluid because it represents a
product of decomposed heavy hydrocarbon fuels, has a molecular
weight (28) similar to that of air, and is Raman active. The handling
of ethylene, however, requires special attention. To avoid undesired
liquid condensation, a fuel heater was used to raise the injectant
temperature before final discharge into the wind tunnel. The ethylene
temperature at the fuel plenum was maintained at 315-337 K (107-
147°F), depending on the selected testing conditions. At this temper-
ature range, it was expected that ethylene would remain in the gas
phase during the injection processes. The ethylene delivery line,
however, could still experience freezing, due to gas expansion from
high-pressure ethylene gas bottles. This problem was mitigated by
limiting the ethylene supply pressure to 4.1 MPa (600 psia).

Optical Setup

Vibrational Raman scattering was used to measure species
concentrations at various axial locations. The Raman scattering setup
(shown in Fig. 2) consists principally of a continuous-wave 5 W
Coherent, Inc., Verdi laser, operating at 532 nm, and a Kaiser Optical
Systems, Inc., HoloSpec™ f/1.8 holographic imaging spectrometer,
both of which were mounted on a large three-axis translation table
beneath the wind tunnel. In this setup, the laser beam was focused
with a 1 m focal length lens into the test section, perpendicular to the
direction of flow (tunnel spanwise dimension), whereas polarization
of the beam was set to horizontal. Scattering from the laser beam was
transmitted through the top tunnel window, reflected with a 45 deg
mirror, collected and focused (on a 1-mm-wide by 7-mm-long
entrance slit) with a 58 mm focal length Nikon camera lens, and
dispersed within the spectrometer. To further suppress background
scattering at 532 nm, a Schott glass OG 570 filter was placed in front
of the collection lens. Focus of the Raman lines was optimized with
the Nikon lens focusing adjustment, and so the spectral resolution
was much better than the 1 mm width of the slit. A backilluminated
Andor Technology charge-coupled device (CCD) camera was
mounted behind the spectrometer to detect each Raman image,
which was composed of the scattering spectrum along a 48-mm-long
segment of the probe laser beam. The camera array is composed of
512 x 512 pixels, but the array was binned to give 128 pixels in the
spatial dimension and 256 pixels in the spectral dimension.

The exposure time of each image was chosen to be 20 s, which
provided a good signal-to-noise ratio for the derived injectant mole



LIN ET AL. 505

b)

Fig. 2 Optical and wind-tunnel setups: a) angle view to show laser and
sending optics, and b) top view to show receiving optics. Solid green line:
laser beam; dotted green line: Raman scattering signal.

fraction and a reasonable total time of about 10-15 min for each
streamwise probe location. Once the laser beam was positioned at the
desired freestream (x) location, the optical table was then moved to
the initial location with the laser beam at the tunnel floor. The CCD
array was exposed (for 20 s using the camera’s mechanical shutter)
and the translation table was moved 0.5 mm (~0.02 in.) upward; the
next image was then recorded. Individual 1-D images were taken at
each probe height until the scattering signal from ethylene was no
longer observed, and the final 2-D image was then created from the
ensemble of 1-D (line) measurements. A sample raw image can be
seen in Fig. 3. The horizontal direction in the image corresponds to
spectral position, whereas the vertical direction corresponds to the
spanwise (z) position in the wind tunnel. Three ethylene lines are
present, marked E(-CH,), E(C = C), and E(C-H) at 573-634 nm,
along with oxygen and nitrogen lines at 580 and 607 nm, respec-
tively. The ethylene scattering signal appears only in the center
portion of the vertical axis of the image because ethylene is only
present within the jet plume, which takes up a small portion of the
field of view. A corresponding reduction in the nitrogen and oxygen
signals can be seen where the ethylene signal is strongest.

The nitrogen line intensity was used to derive the air number
density whereas the E(C-H) line (C-H stretch mode) was used to
derive the ethylene number density. To obtain a scattering signal from
the images, the background was first subtracted and then the top four
pixels of each line were integrated for a total scattering signal at each
spanwise location for each image. The background was modeled as a

z/d

E(-CH,)  E(C=C)

wavelength —=———
Fig. 3 Representative Raman scattering image/spectrum for an
ethylene jet injected into a supersonic wind tunnel. The horizontal
direction in the image corresponds to spectral position. The vertical
direction corresponds to the spanwise (z) position in the wind tunnel. E(7)
refer to the three principal vibrational Raman modes for ethylene.

third-order polynomial for each Raman line, for each row of each
image, with intensities and slopes matched on either side of the
particular Raman line. This was necessary because signals detected
from scattering off the floor or particles moving through the laser
beam created different background values at each position.

The Raman scattering signal is linearly proportional to species
number density. In situ calibration images were taken in the tunnel
without flow, at room-temperature conditions. The following proce-
dure was used: 1) scattering from room air was recorded, 2) ethylene
was injected into the tunnel and allowed to mix (thorough mixing is
not required), and 3) scattering was again recorded for the mixture.
The calibration factor (number density vs signal counts) for nitrogen
is derived from step 1 at each location (row) along the length of the
Raman line; the reduction in nitrogen signal, from step 1 to 3, allows
one to calculate the ethylene number density (at each location along
the Raman line), because the total number density is known from the
ideal gas law (the compressibility factor is assumed to be 1). It should
be noted that a loose sealing of the tunnel test section (to trap ethylene
but not allow a pressure rise) was accomplished using foam at either
end; tunnel temperature and pressure were monitored with the
standard tunnel instrumentation to ensure that the temperature and
pressure were unchanged between the two measurements. Accuracy
of this calibration will depend on the noise in the two measurements
of the nitrogen signal and the one of ethylene, the relative certainty of
two total number densities (without and with ethylene), the overlap
of the nitrogen and ethylene measurements, etc. It is estimated based
on these factors that the calibration error is +2—-3%. The random
error of individual ethylene mole fraction measurements appears to
be as low as about +1% of the value with large ethylene mole
fractions, limited primarily by the noise in the nitrogen measurement,
but will of course be greater for small values of ethylene mole
fraction. As an approximate guideline, it is expected that total error
magnitude will be less than 5% for ethylene mole fractions greater
than the stoichiometric value (0.0636). The detection limit for the
ethylene mole fraction is less than 0.1%. Once calibration values are
found, the ethylene mole fraction can be calculated from each image
at each spanwise location from the scattering signal. By imaging a
knife edge at known spanwise locations (the knife edge was placed in
the beam path and backlit), the spatial position of each pixel in both
the nitrogen and the ethylene signals can be determined; this was
necessary due to a slight tilt of the camera array relative to the spatial
and spectral axes. Use of the knife edge also allows one to assess
(and optimize, if needed) the spatial resolution of the imaging
system. It should be emphasized that because mixture ratios (mole
fraction, in this case) are the desired final quantity, the measurement
is essentially aratio of ethylene and nitrogen Raman signals. As such,
this approach is very robust and immune to typical testing difficulties
such as window fouling, laser intensity variations, etc.

Test Conditions

The test conditions are listed in Table 1. The nominal jet-to-air
momentum flux ratio, ¢, was varied from 0.25 to 6.0. The actual test
conditions deviate from the nominal injection conditions due to
slight variations in tunnel and injection operating parameters. The
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Table 1 Test conditions

d, mm 0, deg q x/d Py ., kPa Tooor K Py ;, kPa Ty;, K

a9 B 242 302 123 326

: 100 243 302 124 315

25 238 302 254 321

9 102 50 239 302 253 321

100 239 301 254 320

25 242 301 999 326

1.6 (1/16 in.) 401 100 241 302 087 324

0so 243 303 128 320

: 100 243 302 125 315

30 099 25 242 303 249 325

406 25 242 303 1004 319

600 25 243 303 1487 316

5 245 301 64 315

oase 10 245 301 64 315

: 25 246 301 64 315

51 243 301 64 315

5 244 299 127 321

10 244 299 128 320

%0 0.50 25 247 299 126 318

50 243 299 126 320

5 243 301 262 315

4.8(3/16 in.) 103 95 243 301 258 317

5 5 243 305 384 322

: 25 243 303 381 323

5 244 300 128 320

050 10 243 300 129 318

2 25 242 300 128 319

51 242 300 125 320

oo 5 244 301 253 322

: 25 243 301 257 317

5 244 302 128 337

79(5/16 in.) %0 050 45 244 302 126 331
30 —

“This condition is barely choked.

actual values in Table 1 were used as the input parameters for the
JETPEN calculations and should be used for future numerical
simulations. The maximum ¢ for each injector was limited by the
capacity of the fuel flowmeter. Consequently, only the ¢ = 0.5
condition was carried out for the 7.9 mm (5/16 in.) injector. The test
conditions were designed to generate sonic jets in the present study.
The ¢ = 0.25 condition for the 4.8 mm (3/16 in.) 90 deg injector,
however, is barely choked with respect to the fixed total pressure
of the wind tunnel, as will be discussed later. For each established
injection condition, Raman scattering measurements were made at
several x/d locations, to establish planar concentration contours.
Because of restrictions on testing time available for the present study,
the injector block with an orifice diameter of 7.9 mm (5/16 in.) and
an injection angle of 30 deg was not used.

JETPEN Code

The present measurements were used to evaluate the performance
of the JETPEN code. The revised JETPEN code was developed for
use over a wide range of conditions: 1.4 < M, < 6.0, 1.0 < M; <
1.8, 15 deg < 6 <90 deg, 1.0 < ¢ < 10, and helium or hydrogen
injected into air. Note that the use of ethylene with ¢ < 1in Table 1 is
outside the calibration range for the JETPEN code. Figure 4 shows
the typical prediction for fuel plume structures for one of the test
conditions in Table 1. The JETPEN model returns a circular
cross section for the fuel plume, as will be illustrated later, and a
uniform value of the injectant mole fraction within this cross section.
Depending on the nature of the prediction, the cross-sectional area
can be truncated by the tunnel floor or adjacent jets, such as the region
with x/d > 32 in Fig. 4. The National Institute of Standards and
Technology’s REFPROP [16] code was used to obtain heat capacities
and ratios of specific heat for both freestream air and ethylene before
running JETPEN. Other input parameters are the readily available

operating conditions of both the wind tunnel and injector. The
performance of the JETPEN code will be evaluated by comparing its
predictions with the measured values in terms of plume cross-
sectional area and injectant mole fraction contour.

Results and Discussion
Fuel Plume Structures

Figure 5 shows the mole fraction contours for ethylene injected at
90 deg from a 4.8 mm (3/16 in.) injector with a g of 0.5 at various
axial (x/d) locations. Commercial software was used to construct the

5-0 T T L} T T 1 T
| M=2, Pg=240 kPa, T,=300 K i
ETHYLENE
4.0 - dy=4.8 mm, 6=90 deg b
| g=0.5 i
FUEL PLUME
3.0 UPPER BOUNDARY -

5 FUEL PLUME J
2 20 CENTERLINE |
> [ At

l/ i
101/ FUEL PLUME i
[ LOWER BOUNDARY /—;t’gg’gL ]
ool —ee
-1.0 ! L 1 L 1 1 1
0 20 40 60 50
x /dg

Fig. 4 Typical fuel plume structures of an ethylene jet predicted by the
JETPEN code.
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Fig. 5 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 4.8 mm (3/16 in.) wall injector with g = 0.5 at variousx/d
locations. In the subsequent contour figures, the stoichiometry is marked
with the white line and the JETPEN-predicted plume structure is
marked with the dotted black line.

smooth contours from the ensemble of 1-D measurements. To better
depict the size of the fuel plume, only the regions with an ethylene
mole fraction greater than 0.01 are shown. Also shown in Fig. 5 are
the following: the contour with the stoichiometric mole fraction
(white line), the fuel plume structures predicted by the JETPEN code
(dashed-dotted circle), and the JETPEN-predicted average mole
fraction (within the predicted circular plume). The stoichiometric
mole fraction is 0.0636 for the ethylene—air mixture. Note, however,
that the present ¢ of 0.5 is below the range of conditions (1.0 <
g =< 10)used to develop the JETPEN code. It was found that the wind
tunnel is tilted slightly with respect to the x axis (freestream
direction) of the translation table, as the offset from z = 0 to the jet
center gets progressively worse further downstream. No attempt was
made to correct the contour plot to account for the minor
misalignment in the present study. All distances are scaled by injector
diameter in Fig. 5.

The measured ethylene mole fraction contours show that the size
of the fuel plume increases with the freestream distance. At the
x/d = 5 location, some injected ethylene is distributed on both sides
of the main fuel plume near the tunnel floor. There is a highly
concentrated fuel core at both the x/d =5 and 10 locations. The
ethylene distribution becomes much more uniform as the fuel plume
travels downstream. The stoichiometric line shows an initial increase
in penetration height from x/d = 5 to 25. The plume width indicated
by the stoichiometric line, however, exhibits only a minor variation.
At the x/d = 50 location, the region enclosed by the stoichiometric
line shrinks, highlighting the increase in fuel-air mixing. The com-
parison between the plume boundary and the stoichiometric line
shows that the region with the combustible fuel-air mixture increases
with the freestream distance, as the region between the stoichiometric
line and the fuel plume outer boundary expands downstream. The
fuel plume areas predicted by the JETPEN code are smaller than the
measured values at the x/d = 5 and 10 locations (Fig. 5), whereas
the penetration heights are in reasonable agreement. Except for the
regions close to the tunnel floor, the JETPEN-predicted fuel plumes

overlap the majority of the measured fuel plumes at the x/d = 25 and
50 locations.

Figure 6 shows the contours of the ethylene mole fraction for
the ethylene jet injected from the same injector with a target g of 0.25
at various axial locations. With this injection condition, the jet is
very close to being unchoked, because the calculated ethylene exit
pressure (34.0 kPa with a constant specific heat ratio of 1.28) is very
close to the local freestream pressure (30.7 kPa). No attempt was
made to further lower the total pressure of the wind tunnel to ensure
the choking condition of the jet. Nonetheless, the majority of the
injected ethylene stays within the boundary layer, which, as noted
earlier, has a thickness of 6.4 mm (0.25 in.) or y/d = 1.33 at the
injection location (x =0). The measured fuel plumes exhibit
significant spreading in the spanwise (z) direction. As observed in
Fig. 5, the stoichiometric line increases in transverse penetration
initially and then disappears almost entirely at the x/d = 50 location.
The JETPEN-predicted fuel plumes generally overlap the measured
fuel plumes, except for the spanwise spreading regions. The pre-
dicted upper boundaries of the fuel plumes are close to the measured
penetration height.

As the fuel flow rate is further increased to reach a ¢ of 1.0, which
matches the calibration range for JETPEN development, a significant
increase in penetration height and fuel plume size can be observed
in Fig. 7. At the x/d =5 location, the high-concentration region
exhibits a circular shape. The JETPEN code underpredicts the fuel
plume size for this injection condition. Consequently, the predicted
ethylene mole fractions are substantially higher than those measured.
It appears that the actual fuel plume experiences a large expansion
process immediately after injection, whereas the JETPEN model
imposes a small expansion process for this injection condition.

For the injection condition with a g of 1.5, the distribution of
high-concentration ethylene exhibits a kidney shape at the x/d =5
location (Fig. 8). The kidney-shaped contour is created by the
counter-rotating vortex pair. With a higher momentum flux to
penetrate into the high-speed crossflow, it appears that a stronger
vortex pair can be induced behind the wake region. There is only a
slight increase in fuel plume size between the ¢ =1.0 and 1.5
conditions. Once again, JETPEN underpredicts the fuel plume size
for the ¢ = 1.5 condition.

2

o IR T i

0.00 0.05 0.09 0.14 0.19 0.23 0.28 0.33 0.37 0.42
Fig. 6 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 4.8 mm (3/16 in.) wall injector with ¢ = 0.25 at various
x/d locations.
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Fig. 7 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 4.8 mm (3/16 in.) wall injector with ¢ = 1.0 at variousx/d
locations.

The ethylene mole fraction contours at two freestream locations in
Fig. 9 provide a good illustration of the effects of the momentum flux
ratio and the general discrepancy between the measurements and
JETPEN predictions of fuel plume structures for the four ethylene
jets described earlier. The fuel plume penetration height increases
with increasing ¢, as expected. The fuel plume width, however, is

q=0.25

y/d

y/d

4 -3

e [N TN TNEEE

0.00 0.07 0.13 0.20 0.27 0.34 0.40 0.47 0.54 0.61
Fig. 8 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 4.8 mm (3/16 in.) wall injector with ¢ = 1.5 at variousx/d
locations.

fairly insensitive to the change in ¢. It is interesting to point out that
the fuel plume penetration heights are almost identical for the g =
1.0 and 1.5 cases at the two freestream locations. Also, the cross-
sectional areas of the ¢ = 1.0 and 1.5 fuel plumes at the x/d = 25
location are highly similar in Fig. 9b. It appears that the increased
injection pressure (see Table 1) for the ¢ = 1.5 jet does not result in

0.00 0.06 0.12 0.19 0.25 0.31 0.37 0.43 0.50 0.56

a)

0.00 0.06 0.12 0.19 0.25 0.31 0.37 0.43 0.50 0.56

b)

Fig. 9 Ethylene mole fraction contours for the ethylene jet injected at 90 deg from a 4.8 mm (3/16 in.) wall injector with various jet-to-air momentum

flux ratios: a) x/d = 5, and b) x/d = 25.
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Fig. 10 Ethylene mole fraction contours for the ethylene jet injected at
30 deg from a 4.8 mm (3/16 in.) wall injector with g = 0.5 at variousx/d
locations.

an increase in plume size. Instead, a high-concentration core appears
within the fuel plume for the g = 1.5 jet. It is hoped that the contrib-
uting mechanisms of the observed phenomena can be identified
using future numerical studies, which are validated by the present
quantitative measurements or future experimental investigations.
The JETPEN code does a fair job of matching the actual fuel plume
penetration heights but underpredicts the fuel plume size at high ¢
conditions. With an underpredicted fuel plume size, the predicted
fuel concentrations are higher than the measured values.

Figures 10 and 11 show the fuel plume structures for ethylene
injected at 30 deg from a 4.8 mm (3/16 in.) injector with a ¢ of 0.5
and 1.0, respectively. Direct comparisons between Figs. 5 and 10 for
the ¢ = 0.5 jet and between Figs. 7 and 11 for the ¢ = 1.0 jet show
that the use of a 30 deg injector delivers slightly smaller fuel
penetration, lateral fuel spreading, and degree of fuel—air mixing. For
instance, the portion of the region enclosed within the stoichiometric
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Fig. 11 Ethylene mole fraction contours for the ethylene jet injected at
30 deg from a 4.8 (3/16 in.) wall injector with ¢ = 1.0 at various x/d
locations.

line for the 90 deg jet in Fig. 5 is smaller than that for the 30 deg jet in
Fig. 10 at the x/d = 50 location. Also, unlike the 90 deg jet in Fig. 5,
there is no injected ethylene distributed on the sides of the main fuel
plume near the tunnel floor for the 30 deg jet in Fig. 10, probably due
to the difference in the strength of the shock wave in front of the
ethylene jet. The fuel plume exhibits a well-defined structure that is
characteristic of the pair of counter-rotating vortices at the x/d =5
location for the ¢ = 1.0 jet in Fig. 11. This phenomenon was not
observed for the ¢ = 1.0 jet injected at 90 deg from the 4.8 mm
(3/16 in.) injector shown in Fig. 7.

For the ¢ = 0.5 jet in Fig. 10, the JETPEN prediction agrees very
well with the measurement in terms of fuel plume shape at both the
x/d = 5 and 10 locations. The agreement between the measured and
predicted fuel plume penetration heights is extremely good. Unlike
the conditions shown in Figs. 5-8 for the 90 deg injection angle,
JETPEN overpredicts the fuel plume width at the downstream
locations. Similar observations can be made for the ¢ = 1.0 jet in
Fig. 11. The agreement in fuel plume penetration heights in Fig. 11,
however, is not as good as that in Fig. 10.

Further comparison also shows that the JETPEN code under-
predicts the fuel plume size for those jets injected from the 90 deg
injector, whereas it overpredicts the fuel plume size for those jets
injected from the 30 deg injector at the downstream locations. At the
x/d = 25 location, the JETPEN-predicted fuel plume size for the
30 deg jetin Fig. 11 is about 2.2 times that for the 90 deg jet in Fig. 7.
The JETPEN-predicted trend obviously contradicts the experi-
mental observations. The root causes of this discrepancy cannot be
determined without a further examination of the original models
employed in JETPEN.

Figure 12 shows the fuel plume structures for an ethylene jet
injected at 90 deg from a 7.9 mm (5/16 in.) injector with g of 0.5 at
various freestream locations. The measurements were performed up
to an x/d of 15 for this injection condition. The counter-rotating
vortex pair is observed at the x/d = 3 location in Fig. 12. Some

x/d=3 Xcom=0.72
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Fig. 12 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 7.9 mm (5/16 in.) wall injector with ¢ = 0.5 at variousx/d
locations.
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injected ethylene is distributed at both sides of the main fuel plume,
as observed for the 4.8 mm (3/16 in.) injector in Fig. 5. As in Fig. 5,
the comparison between the measurements and JETPEN predictions
in Fig. 12 also highlights the good agreement in penetration height
and the underprediction in cross-sectional area at x/d < 10.
Results for ethylene jets injected at 90 deg from a 1.6 mm
(1/16 in.) injector at various values of g are shown in Figs. 13-15.
With a smaller injector orifice, the wall boundary layer, for which the
thickness is 4 times the orifice diameter, is expected to affect the fuel
plume structures. For the ¢ = 0.5 jet in Fig. 13, the fuel plume at the
x/d = 25 location is largely submerged inside the wall boundary
layer. A similar situation can be observed for the ¢ = 1.0 jet in
Fig. 14. The JETPEN code, however, still gives reasonable
predictions for the ¢ = 0.5 jet in Fig. 13, even with the dominant
influence from the relatively thick boundary layer in the present
measurements. As g increases further, as illustrated in Figs. 14 and
15, the discrepancies in fuel plume structures between the measure-
ments and JETPEN predictions increase, probably indicating that
the good agreement with g = 0.5 is somewhat fortuitous. Although
the predicted penetration height stays close to the measurement, the
measured fuel plume exhibits a substantially smaller cross-sectional
area with significantly less mixing with the freestream air, for a
higher g condition. Note that a ¢ of 4 (Fig. 15) lies within the
calibration range (1.0 < g < 10) for JETPEN development.

10
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T st Xcoms=0-10
o ﬂ:ﬁ
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z/d
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Fig. 13 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 1.6 mm (1/16 in.) wall injector with g = 0.5 at variousx/d
locations.
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Fig. 14 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 1.6 mm (1/16 in.) wall injector with g = 1.0 at variousx/d
locations.
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Fig. 15 Ethylene mole fraction contours for the ethylene jet injected at
90 deg from a 1.6 mm (1/16 in.) wall injector with ¢ = 4.0 at variousx/d
locations.

For the ethylene jet injected at 30 deg from a 1.6 mm (1/16 in.)
injector with a ¢ of 0.5, the JETPEN code gives a reasonable
prediction of fuel plume structures, as can be seen in Fig. 16. The
slightly asymmetric plume structures in the measurements may result
from defects in injector fabrication. Consequently, other results from
the 30 deg injector are not discussed. Because the majority of the
injected fuel is submerged inside the boundary layer, the effect of
injection angle is compromised by the wall boundary layer at a low ¢
condition, as can be seen by comparing Figs. 13 and 16. At the
x/d = 25 location, the JETPEN-predicted fuel plume for the 30 deg
jetin Fig. 16 is about 1.6 times that for the 90 deg jet in Fig. 13. Once
again, this discrepancy suggests that further examination of the
JETPEN code is warranted.

Fuel Plume Scalability

Scalability of fuel plume structures from injectors of different sizes
has not been extensively explored so far. With the present ethylene
concentration profiles from a wide range of injection conditions, the
scalability and effect of the wall boundary layer on fuel plume
structures can be studied. Figure 17 illustrates the similarity in shape,
cross-sectional area, and concentration profiles of fuel plume
structures for both d =4.8 mm (3/16in.) and d=7.9 mm
(5/16 in.) jets at the x/d = 5location. For both jets, the effect of wall
boundary layer on plume structures is believed to be small. The slight
difference in the predicted ethylene mole fraction comes from the
slight difference in actual injection conditions between the two jets.
Figure 18 shows comparisons of plume structures between d =
1.6 mm (1/16 in.) and d = 4.8 mm (3/16 in.) jets at two different
values of ¢. Because of the dominant influence of the wall boundary
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Fig. 16 Ethylene mole fraction contours for the ethylene jet injected at
30 deg froma 1.6 mm (1/16 in.) wall injector with g = 0.5 at various x/d
locations.
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Fig. 17 Ethylene mole fraction contours for ethylene jets injected
from 4.8 mm (3/16 in.) and 7.9 mm (5/16 in.) injectors with g = 0.5,
0 =90 deg,and x/d =5.

layer on the jets injected from the 1.6 mm (1/16 in.) injector,
significant differences in plume shape, especially near the tunnel
floor, can be observed. Unlike the 4.8 mm (3/16 in.) jet in Fig. 18a,
neither of the fuel plumes from the 1.6 mm (1/16 in.) injector
exhibits fuel spillage on the tunnel floor. For the 4.8 mm (3/16 in.) jet
in Fig. 18b, the lower waist of the fuel plume is pinched and the
overall plume width is narrower than that of the 1.6 mm (1/16 in.) jet
at the same ¢. Based on these observations, it is believed that the fuel
plume structure is scalable with injector size as long as the majority of
the fuel plume stays outside the wall boundary layer.

Fuel Plume Penetration Height

Fuel plume penetration height was obtained in the present study by
using the measured ethylene mole fraction along the fuel plume
centerline (z =0) at various freestream locations. Based on the
measured fuel plume penetration heights, £, , for which an ethylene
mole fraction of 0.01 was interpolated from the measurements and
was used as the threshold for the definition of penetration height, a
penetration height correlation was developed using the least squares
method:

hoot/dy = 1.16¢°7%.(x/dy)*3* 001 0

Figure 19 demonstrates that, given this definition of penetration
height, there is reasonably good agreement between the measured
penetration heights and correlation-predicted values for the test
conditions in the present study.

Another penetration height correlation, developed by Gruber et al.
[11], was also compared with the present measurements. The
correlation was developed for air and helium injected from circular
and elliptical injectors at 90 deg into a Mach 2 crossflow inside the
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Fig. 19 Comparison of the measured penetration heights and the
correlation predictions by Eq. (1) for ethylene jets in the present study.

same wind tunnel based on planar laser scattering from ice particles
(that form naturally in the freestream air) to delineate the boundary
between the injectant and the freestream air; in particular, the jet
boundary was based on a scattering signal of 90% of the average
freestream value downstream of the bow shock [11]. The correlation
is shown as follows, where d.; is the effective diameter of the injector
orifice and r is the effective injector radius:

h/(dyq) = 1.20((x + 7)/(dogrq))*3* @)

For the present study with the 90 deg round injectors, d.y = d,.
Figure 20 shows a comparison of the measurements and the predic-
tions from Eq. (2). Only the 90 deg jets were used for comparison
in Fig. 20. It appears that, except for the highlighted g =0.25
conditions, the predicted penetration height from Eq. (2) is smaller
than the present measurement, presumably due to the differences in
diagnostics and the definition for penetration height. The observed
difference in Fig. 20 can be reduced if the threshold for the definition
of penetration height is relaxed to an ethylene mole fraction of 0.10
for the present measurement. As discussed with respect to Fig. 6, the
q = 0.25 jet is barely choked and may not have a sufficiently high ¢
to emerge from the relatively thick boundary layer. Consequently,
the general jet behavior is strongly influenced by the boundary layer
and exhibits a noticeable deviation from the other ethylene jets.
Nonetheless, Eq. (2) gives consistent predictions for the penetration
heights of the present ethylene jets injected at 90 deg, and Eq. (1)
extends the treatment to jets injected at 30 deg. Also, the applicability
of an existing penetration height correlation should be assessed with

d=1.6 mm Xcom=0.20
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Fig. 18 Ethylene mole fraction contours for ethylene jets injected from 1.6 mm (1/16 in.) and 4.8 mm (3/16 in.) injectors with x/d =25 and

0 =90 deg:a)g=0.5,and b) ¢ =1.0.
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Fig. 20 Comparison of the measured penetration heights and the
predictions from Gruber et al. [11], shown here in Eq. (2), for ethylene
jets injected at 90 deg.
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Fig. 21 Comparison of the JETPEN-predicted penetration heights and
the measured penetration heights, %, ;.

the employed diagnostics and the adopted definition for penetration
height in mind. Nonetheless, with the observed discrepancies in the
JETPEN-predicted fuel plume structures in Figs. 4—16, the predicted
fuel plume penetration heights are generally in good agreement with
the measured fuel plume penetration heights based on the 1% mole
fraction contour, h . Figure 21 further illustrates the agreement.

Conclusions

Structures of ethylene jets injected at 30 and 90 deg from three
orifice diameters into a Mach 2 supersonic crossflow were studied
experimentally, using Raman scattering to quantify the concentration
contours within the fuel plumes at various freestream locations. The
ratio of the cross-sectional areas of the largest and smallest injectors
is 25:1. The measured quantitative ethylene concentrations were
compared with the predictions from the revised JETPEN code, which
was calibrated primarily with helium and hydrogen.

It was found that discrepancies between the measurements and the
JETPEN predictions for the structures of ethylene fuel plumes were
observed. Generally, the JETPEN code underpredicts the fuel plume
size for ethylene jets injected at 90 deg. The underprediction is worse

atlarge x/d and especially at conditions of high jet-to-air momentum
flux ratio. The JETPEN code slightly overpredicts the fuel plume
size for the 30 deg jets. Furthermore, for a given injection condition,
the predicted fuel plume for the 30 deg jet is larger than that for the
90 deg jet. This is contradicted by the experimental observation.
Despite the observed discrepancies in fuel plume structure, the fuel
plume penetration heights predicted by the JETPEN code agree
reasonably well with the measured penetration heights, for which a
threshold of 0.01 for ethylene mole fraction was used to define the
penetration height. Based on the present data set, a new penetration
height correlation was developed to treat the cases with injection
angles at 30 and 90 deg.

Because of the effects of the wall boundary layer, fuel plume
scalability in terms of shape, size, and concentration profiles was
demonstrated only with the 4.8 and 7.9 mm injectors, representing
an effective ratio of 2.8:1 for the cross-sectional areas of the injector
exit orifices. Improved designs for the test apparatus and injectors
should be sought to further minimize the influence of the freestream
boundary layer in future studies. In addition, root causes for the
deficiencies of the JETPEN code in treating the ethylene jets should
be explored to further improve its predictions. Finally, the experi-
mental data generated from the present study can compared with the
existing penetration height correlations and be used to validate
numerical simulations.
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