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Integration of an Aeroramp Injector/Plasma Igniter

for Hydrocarbon Scramjets

L. S. Jacobsen,*S. D. Gallimore,"J. A. Schetz,* and W. F. O’Brien®
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061-0203

A hydrocarbon-fuelinjection and ignition/flame-holding system consisting of an aerodynamic-rampinjector and
aDC plasma torch was designed for a scramjet vehicle operating from Mach 4 to Mach 8. It was tested in an unheated
Mach 2.4 flow for initial evaluation. The injector consisted of two rows of two holes, angled downstream, and toed
in to create additional vorticity and enhance mixing. The plasma torch was placed downstream of the injector at
three different locations. The experiments involved ethylene injection through the aeroramp at jet-to-freestream
momentum-flux ratios from 1.4 to 3.2. Methane and nitrogen were used as the main feedstocks for the plasma torch.
The power output of the plasma torch varied from 1500 to 3000 W. Results showed that nitrogen outperformed
methane, and increasing the oxygen content at the plasma/fuel-plume interface significantly improved the potential
for ignition and flame propagation. The methane and nitrogen feedstocks performed best at the closest and middle
downstream torch stations relative to the ethylene-fuel plume, respectively. Because of the low static freestream
temperature (131 K), very little heat release was produced under these cold-flow conditions. Tests in a model
scramjet combustor with hot flow are needed to complete the evaluation of this system. In addition, at all three
torch stations, the counter-rotating vortex motion of the fuel-injector plume lifted up the plasma-torch plume.
As a result, the downstream temperature-plume cores were 2.5 and 3.5 times higher at injector jet-to-freestream

momentum-flux ratios of 1.5 and 3.0, respectively, compared to the torch alone.

Nomenclature
Cy = discharge coefficient
doit = effective diameter, deg/(Cy)
deq = equivalentjet diameter, v/(4d;) for a four-hole array
d; = jet diameter
Reore = height of the maximum total temperature-plumecore
hey max maximum excited C, line penetration height
p = static pressure
q = jet-to-freestream momentum-flux ratio
T, = total temperature
u = flow speed
X = streamwise coordinate
y = spanwise coordinate
z = vertical coordinate
y = specific heat ratio
0 = density
Subscripts
J = injector
T = plasma-torchigniter
o0 = freestream
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Introduction

N comparison to hydrogen, ignition and supersonic combustion

with hydrocarbonfuels is a challenge. This is mainly because of
the longer ignition delay and combustion times compared to hydro-
gen, which has been studied more extensivelyfor use with scramjets
in the past. Because of the difficulties associated with hydrocar-
bon fuels, both improved mixing and combustion enhancement are
needed as compared to the existing scramjet combustor designs de-
veloped for hydrogen fuel.

In the pursuit of mixing enhancement, a multitude of experi-
ments have been performed in the field of injection in supersonic
flows using numerous techniques, such as swept ramps,! 3 slots,*>
transverse injection,!~!! and jet swirl.!>~!7 An extensive review of
injector mixing characteristicsis given by Schetz et al.!® The gen-
eral interference effects generated by multihole transverse-injector
arrays have been capitalized on, in the design of the aeroramp in-
jector by Cox et al.,!” Cox-Stouffer and Gruber,® Fuller et al.,!
and Schetz et al.?? This design shows promising features such as
mixing characteristics near the same performance level of a phys-
ical ramp injector with lower pressure losses, while leaving a sec-
ondary core trapped in the shear layer near the wall. The effects of
toe-in angle on a single-row injector array have also been exam-
ined by Jacobsen et al.?® In that study, it was found that increasing
the toe-in angle of the exterior injector holes greatly increased the
mixing efficiency and core penetration of the overall jet plume gen-
erated by the array. Attempts to study the effects of an aeroramp
injector array in a real scramjet combustor were first performed
numerically by Eklund and Gruber* and then experimentally by
Gruberet al.” In the latter study, two hydrocarbon-fueledaeroramps
were compared to a single row of four 15-deg low-downstream-
angled holes. A simplified four-hole aeroramp was also created by
Jacobsen et al.?® This aeroramp injector array showed improved
mixing as compared to a single-hole low-downstream-angle injec-
tor. Jacobsen et al. also commented that the future development of
the aeroramp should include the possibility of the incorporationof a
flame-holding device somewhere in between or downstream of the
fuel-injector array.

One favorabletype of ignition aide and flame-holding device that
has been used in supersonic combustion applicationsis the plasma
torch. Over the years, several plasma torches have been developed
involving continuousor pulsed operation?’~3* Several experiments
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have been performed pertaining to the use of a plasma torch as a
main fuel igniter in crossflows.30=4!

In this paper, we present an effort to combine the best fea-
tures of the aeroramp injector and the plasma-torchigniter. Hence,
we undertook to integrate and evaluate a new fuel injection and
ignition/flame-holding system for use with gaseous hydrocarbon
fuels in a scramjet combustor. The plasma torch was placed at
three downstream locationsrelative to the fuel injector array. Initial
evaluation of the device was performed in an unheated Mach 2.4
crossflow. Shadowgraph images and photographs of the com-
bined ethylene-fuel and plasma-torch plume were taken at various
momentum-flux ratios to help qualitatively understand the nature of
the flows. Total temperatureand emission spectrawere alsorecorded
at downstream locations to help quantify differencesin the plasma-
torches effectivenessas a potential igniter and flameholder.

Test Facilities

Experiments were performed in the Virginia Polytechnic Insti-
tute and State University 23 x 23 cm blowdown supersonic wind
tunnel. The tunnel was configured with a convergent/divergentnoz-
zle resulting in a freestream Mach number of 2.4. The test section
dimensions were 23 cm wide by 23 cm high and 30 cm long in
the streamwise direction. Data acquisition was performed with two
personal computers and 16- and 32-channel 16-bit A/D converters.
Figure 1 shows the wind-tunnel test section.
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Fig. 1 Supersonic wind tunnel and test section.
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Fig. 2 Integrated aeroramp injector-array/plasma-torch igniter/
flame holder.

Integrated Design

Figure 2 shows the injector model with an integrated plasma torch
(the back hole) used in this study. The aeroramp injector had an
equivalent jet diameter (diameter of the overall injector hole area)
of 4.76 mm and consisted of two rows of two holes, spaced four
equivalent jet diameters apart in the streamwise direction and with
a cross-stream spacing of two equivalent jet diameters between the
holes. The first and second pair of injector holes had transverse in-
jection angles of 20 and 40 deg, respectively, with toe-in angles of
15 and 30 deg relative to the downstream axis. See Jacobsen et al.?®
for a complete description. For this study, the DC plasma torch was
operatedfromabout 1500to 3000 W with variousfeedstocks.Differ-
ent electrode materials were used depending on the torch feedstock.
The integration of the aeroramp injector and plasma-torch igniter
consisted of an aero-ramp, which was sized for planned combustion
experiments (Jacobsen et al.?®) and a plasma torch downstream of
the centerline of the injector array. To vary the position of the torch
relative to the array in this configuration, several slot inserts were
created. The downstream torch location relative to the front of the
injector array could be varied to 8, 10, or 12 d,.

Test Matrix

All wind-tunnel tests were performed at a freestream Mach
number of 2.4. Experiments were performed first while injecting
ambient air or ethylene fuel. The tunnel average freestream stagna-
tion conditionswere 3.7 atm and 281 K. These conditionsresultedin
a correspondingfreestream velocity of 550 m/s and a unit Reynolds
numberof4.2 x 107/m. Tests with air injection were run with jet-to-
freestream momentum-flux ratios of 1.5-3.0. The jet-to-freestream
momentum-flux ratio is defined as
(pu?);  (ypM?),;
(pu*)ee  (¥PM?)eo
Ethylene from a supply tank was used as the injectant through the
injector, block,and the momentum-flux ratios were limited to a max-
imum value of 3.5. A throttling valve in the line allowed reduction
to a nominal value of 1.

The plasma torch was operated at a nominal jet-to-freestream
momentum-flux ratio of 1.2 for all feedstocks used (methane,
nitrogen, nitrogen plus hydrogen mixture 90/10 vol% and air). This
momentum-flux ratio estimate was based on the plasma torch op-
erational conditions neglecting the changes due to the heat addition
from the arc.

The injector freestream flow coordinate system consists of right-
hand Cartesian coordinates with the origin placed at the center of
the injector array area. The positive x axis is in the downstream
direction, the y axis in the horizontal direction, and the positive
z axis in the vertical direction. The effective diameter was used to
normalized axial distance. The effective diameter is defined as

deff = deq Cd (2)

q= ey

where dq is the injector equivalent jet diameter. The injector dis-
charge coefficient in the range studied for ethylene fuel was about
0.84. The equivalent jet diameter is defined as the diameter of an
equivalent single jet that has the same total area of the four jets of
the injector. The equivalent jet diameter for all four of the array jets
was 4.76 mm. The plasma torch jet diameter, doch, Wwas 1.59 mm.

Test Procedures

Shadowgraphs

Shadowgraphs were taken using a Hadland Photonics 4 charge-
coupled device (CCD) Imacon 468 high-speed digital camera and
a Spectra Physics 2.5 W continuous-beam argon-ion laser with a
Model 265 exciter as the light source. To maximize power output
from the laser, a broadband mirror was used to take advantage of
all six wavelengths that the laser is capable of producing. This con-
figuration made it possible to take pictures with exposure times of
2 x 1078 5. The shadowgraph setup also consisted of the standard
Z-formation optical mirrors, lenses, and a microscope lens for the
laser. With a 20-ns exposure, it is possible to see the turbulenteddy
structures in the flow significantly larger than 0.011 mm.
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Plume Photography: Low-Speed Photographs

Pictures of the emission plumes producedin the combustionphase
of the experiments were taken with a 35-mm camera and various
bandpass filters, which enabled study of the excited-statespecies of
the injectant-torch plumes.

Temperature Sampling

Temperature profiles were measured with a sampling rake con-
sisting of three 1.59-mm-outer-diametertubes spaced 6.4 mm apart,
housing the thermocouples. Each tube had an inner diameter of
1.04 mm giving each probe a 0.85 mm? capture area. The total tem-
perature probes each had four small holes drilled around the pipes
to increase the recovery factors of the probes. Each total tempera-
ture probe’s capture-to-recovery-aea ratio was 5—1, which resulted
in a recovery factor of 0.98. Exposed junction type-E thermocou-
ples with 0.25-mm-diam beads were placed inside the three total
temperature probes.

Emission Spectroscopy

Spectroscopicdata was taken with an Ocean Optics S2000 3-CCD
fiber-optic spectrometer. Each individual channel in the spectrome-
ter had its own grating and CCD array with a spectral resolution of
0.08 nm. The overall spectral range observed by the three spectrom-
eters was 196-730 nm. To localize the viewing area, a collimating
lens was attached to the end of the fiber optic cable. This {/2 lens was
made out of fused silica for use in the ultraviolet-visible infrared—
near infrared. This reduced the width of the viewing area to about a
2.0 mm diam. Further reduction of the width of the viewing areato a
0.5 mm diameter was made with a scope that fit over the collimating
lens. For more details on the spectrometer see Gallimore et al.*?

Results and Analysis

Shadowgraphs

Shadowgraph images of the aerodynamic ramp injector and
plasma torch in a Mach 2.4 flow are shown in Fig. 3. In all of the
shadowgraph pictures the flow is from left to right. The boundary
layer near the injector is about 1.9 d.q thick. The bow shock waves
produced from the two rows of injector holes in the injector array

and the plasma torch turn downstream and to the right, approaching
the angle of a Mach wave (=25 deg for M =2.4). In these images,
ethyleneis being injected through the aeroramp injector at nominal
jet-to-freestream momentum-flux ratios g of 1.5 and 3.0 and nitro-
gen is being injected through the plasma torch at a nominal g of 1.2
and a power level of 2000 W.

Figures 3a and 3b are shadowgraph pictures of the aeroramp and
plasma torch by themselves. In Fig. 3a, details of the jet shock
structureof the aeroramp can be seen, includingthe jet-plumesbarrel
shocks and the separation zone in front of the first pair of injectors.
Evidence of a shock trail is also seen by a third highly oblique
and somewhat unsteady shock, downstream of the aeroramp’s first
two injector-jet bow shock waves. Jacobsen et al.?® have shown
that the shock trail extends downstream with up to three oblique
shock waves in this highly underexpandedflowfield. Because of the
thickness of the boundary layer in relation to the plasma-torchjet in
Fig. 3b, it is hard to detect any details pertaining to the plasma-jet
shock structure in Fig. 3b. Note that, when operating at 2000 W,
no illumination from the torch can be seen in the image. This was
because of the high-intensity output of the laser light in comparison
to the light produced by the torchin the directionof the optical setup
in the 20-ns exposure time of the high-speed camera’s CCD arrays.

The combinedaerorampand plasma-torchflowfield with the torch
positionat station 2 are presentedin Figs. 3c and 3d. General trends
includean increasein bow shock wave heightand unsteadinessin the
downstream bow shock of the aeroramp injector with increased jet-
to-freestreammomentum-flux ratio. Some condensationof ethylene
in the area of the jet plumes is also shown, due to the sudden expan-
sion of the highly underexpanded gas. This feature also increases
with an increase of momentum-flux ratio. Another interesting fea-
ture of the integrated aeroramp/plasma-torch flowfield shown for
the lower injector ¢ conditions is the merging of the downstream
recompression shock with the bow shock of the plasma torch. This
feature is shown in both Figs. 3c and 3d. Note that in the farthest
downstream torch position 3 the recompression shock is separated
from the bow shock of the plasma torch. This is not apparent in
the high injector ¢ cases because the recompression shock is far-
ther downstream. In all of the integrated configuration test cases,
the plasma-torch bow shock is very unsteady with numerous kinks
and emanating orthogonal shockwaves. This unsteadinessis indica-
tive of increased turbulent mixing in this region. Weak orthogonal

b) Plasma torch only, g; =0, gr =1.2,and P =1990 W

Fig. 3 Shadowgraphs of the integrated configuration and its components.

d) Station #2, g; =3.1,gr =1.2,and P =1960 W
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shock waves can also be seen emanating from the downstream
bow shock of the aeroramp in the higher momentum-flux ratio
cases.

Figures 3a and 3c shows two shadowgraph images taken nom-
inally at the same injector and torch momentum-flux ratios. The
difference between the two images is that one is taken with the
torch not in operation and with no flow through it (Fig. 3a) and
one is taken with the torch in operation at 1970 W (Fig. 3c¢). In
the images, there is only a small difference in the position of the
shock wave of the plasma torch injector relative to the recompres-
sion shock. Furthermore, this difference could be accounted for by
image-to-image unsteadiness in the shock wave due to turbulence.
Because no images were produced with the torch in operation at a
higher power level, it is unclear how much the shock wave structure
would change with additional energy input.

Figure 4 shows a set of sequential images taken with the 4-CCD
Imacon 468 high-speed camera. The four images are spaced 6.06 s
apart, which allows the freestream to move 1 cm downstreamduring
the sequence. This sequence was selected because in it an eddy
structure of ethylene can be seen moving downstream just behind
the shock wave. In addition, there is a local kink in the second

injector row bow shock wave, which runs partially down its length
as the clump moves farther downstream from the injectorarray. This
is a good example of the way turbulent eddys in the jet/freestream
mixing layer create unsteady motion in the bow shock structure by
effectively creating additional intermittent blockage.

Time-Resolved Images

High-speed images of the chemiluminescence plumes generated
by the integrated injector array/plasma torch were created with the
Hadland Photonics Imacon 468 4-CCD digital camera. The high-
speed images were taken 1.39 ms apart, with an integration time per
frame of 10 us. The images were spaced at one-quarter of the time
it takes to go through one cycle of the rectified DC power supplies
180-Hz AC frequency (5.56 ms). Figure 5 presents the four images
produced with a nitrogen torch feedstock at a nominal power level
of 2000 W and ethylene fuel at a momentum-flux ratio of 1.5. The
images are shown at twice their normal scale for closer inspection.
In these images, the flow is from left to right and the emission
plume generated from the plasma torch is seen emanating from the
bottom left side of the images. Electrode fragments, emitted from
the plasma torch, are the bright balls on the left-hand side of the

; kit 'i"f" S0 Lo B AnS B Sk

b) t=6.1 ps

c)t=12.1 us

d)t=18.2 us

Fig. 4 High-speed sequential shadowgraph images; torch-station 1, g; = 2.7, gr = 1.1, and P =1990 W.

¢)t=2.78 ms

b) t=1.39 ms
Fig. 5 High-speed flame plume images with nitrogen torch feedstock and ethylene fuel, P =2040 W, g; = 1.5, gr = 1.2; 12.4 X 24.8 mm images.

d) t=4.17 ms
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plasma torch plume, near the orifice seen in Fig. 5c. The resulting
emission is created from the interaction of the plasma torch plume
with the ethylene fuel plume.

As is evident from the images, the emission plume size is very
dependent on the cycle of the power supply. Note that the image in
Fig. 5a is very dim for the camera integration time. This does not
mean that the emission from the plume is necessarily as small as in
the image, butrather that at that time in the power cycle the plume is
emitting a lower level of intensity. This cyclic behaviormay turn out
to be very important, and further work should be done to attempt to
vary the cyclic frequency. This, in turn, could lead to the excitation
of possible resonant frequencies associated with the turbulence of
the multiple-jet mixing processes.

A comparison of the scale of the plasma-torchemission plume to
the injector-jetplume is shown in Fig. 6. In this image, the emission
plume shown in Fig. 6 has been superimposed over a shadowgraph.
To represent an averaged emission plume shape, the image is an

Fig. 6 Superimposed emission plume images embedded in shadow-
graph image with nitrogen feedstock and ethylene fuel; shadowgraph:
P=1970W,g;=1.4,q7 =1.2,60.7 X 94.2 mm image and emission plume
image: P=2040 W, g; = 1.5, and gr = 1.2.

a) d)

overlay of all four images from Fig. 5. Both the emission plume and
shadowgraphimages are nominally at a power level of 2000 W, with
nominal injector and plasma-torchmomentum-flux ratios of 1.5 and
1.2.Both cases involveethylene fuel and a nitrogen torch feedstock.
As can be seen, the emission plume reaches about midway into the
injector fuel plume. This shows that the emission plume is being
lifted into an area with a lower overall equivalenceratio than thatin
the fuel cores, which couldlead to entrainmentinto the upper portion
of the jet/freestream mixing layer at the top of the fuel plume cores.
If the potential flame reaches the top in a high-enthalpy flow, it
would then have the chance to propagate through the mixing layer
and spread around the entire fuel plume with help from the plume’s
vortex motion.

Time-Averaged Phtotgraphs

Figures 7 and 8 show the low-speed (longer exposure time) emis-
sion plume photographs taken of the integrated configuration for
nominal injector momentum-flux ratios of 1.5 and 3.0, with 1.2 for
the plasma torch. These photographs were all taken with a 35-mm
camera with a shutter speed of 1/250 s. They are unfiltered and the
scaleis 1:1, so that the actual sizes of the emission plumes are pre-
sented. In all of these photographs, the flow is from left to right, and
the plasma torch is situated behind the aeroramp fuel-injectorarray
at station 1, 2, or 3, excluding the plasma-torch plume pictures in
Fig. 8. The smaller plume images to the right in some of the pho-
tographs are reflections off the fused silica glass on the other side of
the testsection.In all the photographs,the emission plumes are even-
tually quenched before further propagation into the main flow can
be achieved. This is primarily due to the very low static freestream
temperature (131 K) of the wind-tunnel facility. With this in mind,
one can speculate that whichever ethylene-fuelplasma-torch feed-
stock combination produces the largest emission plume in this cold,
harsh environment would probably lead to the highestlevel of main
flow/fuel ignition, combustion, and flame propagation in a higher
enthalpy environment where supersonic combustion applications
are used.

A comparison between methane and nitrogen torch feedstocks is
given in Fig. 7 with a nominal torch power of 2000 W at a nominal

b) e)
c) f)

g)

Fig. 7 Emission plume photographs of integrated configuration with ethylene-fueled injector and CH4, N,, or N, +H, torch feedstocks;
17.8 x 52.3 mm images: a) Station #1, methane feedstock, g; =1.6, gr =1.2, and P=2070 W, b) Station #2, methane feedstock, g;=1.4, gr =1.1,
and P =1990 W, c) Station #3, methane feedstock, g; = 1.5, gr = 1.3, and P =2070 W, d) Station #1, nitrogen feedstock, g; = 1.5, §r =1.2,and P=1970 W,
e) Station #2, nitrogen feedstock, g; = 1.5, gr =1.2, and P =2020 W, f) Station #3, nitrogen feedstock, g; =1.5, gr = 1.2, and P =2050 W, and g) Station

#2, N + H; feedstock, g; =1.5,gr =1.2,and P =2090 W.
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c)

Fig. 8 Emission plume photographs of plasma torch with a nitrogen
feedstock at different injector jet-to-freestream momentum-flux ra-
tios; 17.8 X 52.3 mm images: a) Nitrogen feedstock, g;=0, g7 =1.3,
and P=1520 W, b) Station #2, nitrogen feedstock, g; =1.6, g7 =1.3,and
P=1570 W, and c¢) Station #2, nitrogen feedstock, g; = 2.9, g7 =1.2, and
P=1520W.

aeroramp momentum-flux ratio of 1.5. A bright white portion was
seen with a light blue color on the outer edge of the downstream
portion of the emission, which is common with the combustion
of ethylene and air. The bright white portion of the emission is a
highly excited region. In the methane torch feedstock photographs
(Figs. 7Ta—7c), the emission plume penetrates the farthest with the
torch at station 1, but it appears to have the longest plume with the
torchatstation3. The nitrogenfeedstockemission plumes (Figs. 7d—
7f) are larger than the methane plumes, and the torch-station2 pho-
tographs shown in Fig. 7e has the largest plume with the highest
penetration level.

Figure 8 shows the photographsof the plasma torchin a Mach 2.4
crossflow by itself with no fuel from the injector and with the in-
jector in operation at nominal injector momentum flux ratios of 1.5
and 3.0. In all three images of Fig. §, nitrogen was used as the torch
feedstock at a power level of 1500 W. In all of the photographs,
the nominal plasma-torch jet-to-freestream momentum-flux ratio
was 1.2. Figure 8 was created to emphasize the lifting effect of the
plasma torch plume by the aeroramp fuel array and the additional
luminescencecreated by the interactionsof the nitrogenplasma with
the fuel jet. On the effect of lifting, it appears that the initial shape of
the plasma jet itself, as shown in Fig. 8a, is very similar in shape to
the lower momentum-flux ratio image shown in Fig. 8b (g =1.5),
but without the additional luminescence plume downstream. How-
ever, as the momentum-flux ratio is increased to 3.0, as shown in
Fig. 8c, the top portion of the luminescence plume is raised and
much broader in the vertical direction. This is thought to be due to
the additionalsize of the aeroramp fuel plume as the injectoris oper-
ated at a higher equivalenceratio. Furthermore, because the plasma
jetis actually inserted between the two rows of streamwise jets, the
increasein vertical breadth could be thoughtof as cross-streamcon-
traction of the plasma core from the additional momentum of the
fuel plume.

Also note that the chemiluminescence (emission) plume reaction
zone is not necessarily the path of the plasma-jetfeedstock.This was
made evidentby inspecting the differencesin shape of the emission
from the operation of the torch with the methane and nitrogen feed-
stocks behind the fuel-injector array. For example, at torch-station
2, the methane feedstock produced the highest amount of emission
near the surface, whereas the nitrogen feedstock emission plume
was more prone to penetrate up off of the surface of the test sec-
tion. Withouta significant pressurerise in the vicinity of the plasma
jet, the path of the two feestocks should be more or less similar.
Hence, the emission seen is really the path of the reaction as altered

©)
Fig. 9 Filtered emission plume photographs, 390-nm bandpass filter,
FWHM =+ 10 nm, power nominally 3000 W; 17.8 X 52.3 mm images:
a) Station #2, methane feedstock, g;=1.5, and gy =1.2, b) Station #2,
nitrogen feedstock, g; = 1.5,and gr = 1.2, and ¢) Station #2, air feedstock,
gi=1.5,and gr =1.2.

by the local change in equivalence ratio due to the plasma-torch
feedstock.

The general trend of the increase in power for torch-station 2
with the torch in operation with a nitrogen feedstock can be seen
by comparison of Figs. 8b (1500 W) and 7e (2000 W). In both
Figs. 8b and 7e, the fuel injector and torch are operated at nominal
jet-to-freestreammomentum-flux ratiosof 1.5 and 1.2, respectively.
From the photographs, it is seen that as the power is increased by
about 33% the downstream plume length has almost doubled. The
significance of this growth in downstream plume length is that it
indicates that some heat release must be taking place in the chemi-
luminescence plume. This indicates that there may be a point where
the reaction becomes self-sustainingas the power level is increased,
that is, not quenched.

Figure 9 shows some of the low-speed photographs taken of the
plasma torch in operation at 3000 W behind the aeroramp injector
(g =1.5) at station 2 with methane (Fig. 9a), nitrogen (Fig. 9b),
and air (Fig. 9¢) as the torch feedstocks. The photographs were
taken througha 390-nm bandpassfilter [full width at half-maximum
(FWHM) = £10 nm] with an exposure time of 1/30 s, which for the
chemiluminescent plumes lets in light from the CH/CN/N, lines.
Thus, the photographsare a good marker for the plasma zone of the
torch chemiluminescence plume. From the three photographs, it is
evident that the emission plume produced with air is larger than the
one produced by nitrogen, which is in turn larger than the one with
the methane feedstock. The photographshown in Fig. 9c with air as
the torch feedstock is from a preliminary set of data and was added
to show the potential of air as a feedstock. With the air feedstock
producing a larger plume than the nitrogen and, in turn, methane
feedstock, one must ask if the ignition process in this region is mix-
ing dominated. Because as the reaction region is less deprived of
oxygen, the flame increasesin size. Further evidence of this conclu-
sionis shownin Fig. 7g, with the torchin operation with the nitrogen
hydrogen mixture at torch-station2, because the flame is noticeably
smaller than the nitrogen plume alone and is approaching the gen-
eral shape of the methane feedstock configuration at torch-station2,
shown in Fig. 7b. This would also open up the possibility that the
configuration may work better with the torch in operation farther
downstream of the fuel injector array. The only downside to this
is that farther downstream, the plasma jet may not be able to take
advantage of the lifting effect of the fuel jet and may only ignite the
portionin between, and not mix or propagatearound, the aeroramps
two fuel-plumes cores. With this general oxygen-starved mixing re-
lationshipin mind, one must conclude that when attempting toignite
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a hydrocarbon-fuel jet with a plasma torch downstream of the jet,
pure oxygen plasma must work best. This also implies that the re-
ductionin ignitiondelay from the productionof thermal NO through
the Zeldovich mechanism is a second-order effect when compared
to general effects of mixing on combustionin the hydrocarbon fuel
jet in a supersonic crossflow. A mixing-dominated-type flowfield
must also imply that the integrated configuration, for a given torch
station, would have greater success at main fuel ignition the lower
the injector momentum flux ratio goes. Because, in general, as the
momentum-flux ratio is decreased, the local equivalenceratio of the
fuel plume at the torch location lowers as the jet becomes leaner.

Total Temperature Profiles

Figures 10 present the results from the total temperature surveys
made downstream of the integrated injector array and plasma torch.
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Total temperaturedata was taken at stations 1, 2, and 3 with methane,
nitrogen, and a mixture of nitrogen and hydrogen (90/10 vol%)
as the torch feedstocks with a ¢ of 1.2+ 0.1 and an injector g of
1.5+£0.1 and 3.0 £ 0.15 with ethylene injection. The results from
the integratedconfiguration with methane and nitrogen feedstocksat
apowerlevel of 2000 W and with the fuelinjectorata g of 1.5+ 0.1
are presented here. All of the total temperature profiles were made
with the torch in operation at 1500 or 2000+ 75 W. These cross-
stream, isotherm profiles consist of measurements taken just over
X /dee =29 downstream from the center of the overall area of the
aeroramp injector holes. The three torch stations were 6.5, 8.7, and
10.9 x /d.g, respectively, downstream from the center of the overall
injector area. This also corresponds to downstream distances from
the center of the plasma-torch hole to the temperature sampling
plane of 62.4, 56.4, and 50.4 x /d ey,
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Fig. 10 Downstream total temperature plumes showing variation of torch station with methane and nitrogen feedstocks, power nominally 2000 W:
a) Torch-station #1 methane feedstock, g; = 1.5, and gr = 1.2, b) Torch-station #2 methane feedstock, g; = 1.5, and gr = 1.2, ¢) Torch-station #3 methane
feedstock, g; = 1.5,and gr = 1.2,d) Torch-station #1 nitrogen feedstock, g; = 1.5,and g7 = 1.2, e) Torch-station #2 nitrogen feedstock,g; =1.5,and g7 = 1.2,
and f) Torch-station #3 nitrogen feedstock, g; =1.5,and gr =1.2.
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Fig. 11 Downstream total temperature plumes showing effects of the
injector jet-to-freestream momentum-flux ratio with a nitrogen feed-
stock, power nominally 1500 W.

The results for the torch in operation at 1500 W at torch-
station 2 without the fuel injector and at nominal jet-to-freestream
momentum-flux ratios of 1.5 and 3.0 are presented in Fig. 11. The
scale of the total temperature profiles with the plasma torch in op-
eration by itself (Fig. 11a) was set to a different scale from that of
Figs. 11b and 11c, because the torch cores alone were much hotter
since they did not have a large counter-rotating vortex pair to dis-
perse the torch jet. In addition, Figs. 11b and 11c are also set to the
same scale as the temperature profiles in Fig. 10. The general lifting
effect of the torch plume and its entrainment into the fuel plume is
shown by comparing the torch alone in Fig. 11a to the integrated
configuration shown in Figs. 11b and 11c. As the momentum-flux
ratio of the fuel injector is increased, the torch core plume tempera-
ture drops, and the plume height, width, and overall area are greatly
increased.

Some of the general trends associated with the temperature pro-
files of the plasma torch using a nitrogen feedstock and ethylene
fuel from the injector involved the widening of the temperature
plume as the torch is moved farther upstream. This effect was due
to an increase in distance between the torch and the total tempera-
ture probe, which allows the torch plume to mix further with that
of the injector and the mainstream. This trend was not fully ob-
served in the profiles with methane as the torch feedstock (Fig. 10a).
In the methane feedstock cases, the plume is still the largest with
the torch at the near station, it continues to shrink as the torch is
moved from torch-station1 to torch-station2, but then grows slightly
again from torch-station 2 to torch-station 3. This trend is also ob-
served in methane feedstock emission plume photographs shown
in Fig. 7.

In the profiles with the torch in operation at torch-station 3 for
both methane and nitrogen feedstocks (Figs. 10c and 10f), there is a
secondary temperature core near the surface of the test section floor.
This implies that the plasma torch station is far enough downstream
that its plume does not get entirely entrained into the fuel injector
plume. In these two profiles, the main temperature plume cores are
shown to be off-center to the right side in the positive y direction.
This off-centerbehavioris also apparentin the nitrogen plasma torch
profile, with the torch in operation alone, shown in Fig. 11a. This
general effect could be due to the width between sampling stations,
or to some relationshipbetween the swirling of the torch plume and
its effects on the mixing layer. Note that there was a flow swirler
inside the plasma torch, which had a swirl number of 1.0. The swirl
number is defined here as the ratio of tangential to streamwise ve-
locity of the jet at the exit plane of the flow swirler. That direction
of swirl corresponds to a counterclockwiserotation on the profiles,
which is interesting because the plasma plumes temperature is off-
center in the other direction (right) near the core. This may mean
that there could be a relationship between the counter-rotation ef-
fects of the torch and injector plumes and the asymmetric mixing of
the temperature field. From the temperature profiles for the torch at
the closer station relative to the injector fuel plume (Figs. 10a and
10d), it is apparent that the temperature plume core is now off-center
toward the left. Furthermore, the temperature profiles with the torch
at station 2 shown in Figs. 10b and 10e appear to be symmetric.
Therefore, as the torch is moved farther away from the fuel injec-
tor array, the total temperature plume core is shifted from left to
right. Whether this would influence ignition and combustion of the
main plume in a high-enthalpyenvironmentis not known. However,
symmetric burning of both sides of the fuel plume would definitely
be desirable. This effect was also seen in the high-momentum-flux
ratio (3.0) profiles, but in those profiles, the temperature plumes
were all, to some degree, shifted slightly over to the right-hand side
of the injector fuel plume, although the same left to right trend of
the first through third torch stations was preserved. This is probably
due to additional vortex strength from the higher momentum-flux
ratio levels.

Anotherinterestingfeature of the plumes in Fig. 10 is thatthe core
temperature with the torch at torch-station 1 is very comparable to
that at station 2. This may indicate a higher level of heat release
due to the reactions in the plasma/plume interface because having
the plume at a location farther upstream should tend to mix the
temperature to a lower level by the time it gets to the temperature
probe samplinglocation. This seems to be counter to the visible size
of the plumes as shown in Fig. 7. However, one must remember that
the visible size of the plume as seen from the side view of a wind
tunnel does not necessarily give us any indication to its width or
the extent of heat release inside its region past the general output in
luminosity produced by the plume.

Total Temperature Plume Core Trends

Figures 12 and 13 are graphs of the plume core temperature and
penetration height, respectively, which were created from the total
temperature surveys. In Figs. 12 and 13 data are presented for the
aeroramp operating at a ¢ of 1.5 with the torch at a g of 1.2 and
the torch in operation alone. In both cases, the torch is operating
at 2000 W with methane, nitrogen, and nitrogen/hydrogen mixture
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Fig. 13 Downstream total temperature plume core maximum pene-
tration height.

feedstocks. There is also data presented for the injector operating at
a g of 1.5 and 3.0 with the plasma torch operating with a nitrogen
feedstockat 1500 W ata g of 1.2. These results show that the plumes
generated with the nitrogen torch feedstock and ethylene fuel were,
in general, hotterand penetratedfartherthan those produced with the
methane feedstock. The penetrationtrends also affect the increase of
q on the overall height of the temperature plume core. The general
penetration height of the plume core is roughly 2.5 and 3.5 times
higher with the torch in operation with fuel injectorg of 1.5 and 3.0,
respectively, as compared to operation alone.

Emission Spectroscopy

Spectroscopic measurements were performed while injecting
ethylene through the aeroramp injector and methane, nitrogen, ni-
trogen/hydrogenmixture, or air feedstocksthroughthe plasmatorch
igniter. Data were measured for the aeroramp injector at nomi-
nal momentum-flux ratios of 1.5 and 3.0 with the plasma torch
at stations 1, 2, and 3 and a nominal torch momentum flux ratio
of 1.2.

General spectrograms for the main feedstock/injector combina-
tions are presented in Figs. 14-16. The intensity scales in these
graphs are equal for ease to aid in interpretation of the magni-
tudes between various feedstocks, and all of the data were col-
lected with an integration time of 0.125 s. Results are shown for
the nitrogen and methane plasma-torch feedstocks at their cor-
responding “brightest” torch station and vertical height. The re-
sults in Figs. 14-16 were created with the three-channel fiber optic
spectrometer.

Figure 14 shows the spectral line data for the 200400 nm range
with the plasmatorch operatingat 2000 W with a nitrogen feedstock
downstream of the ethylene-fuelinjector. Definite peaks were iden-
tified for monotonic carbon C* (247.9 nm), and the CN(0, 0) band
(388.3 nm). The CN* band is part of a strong violet system which

Fig. 14 Typical spectrogram, nitrogen feedstock, ethylene fuel, 200~
400 nm range.
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Fig. 15 Typical spectrogram, nitrogen, feedstock, ethylene fuel, 400-
575 nm range.
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Fig. 16 Typical spectrogram, methane feedstock, ethylene fuel, 400-
575 nm range.

appears in arc sources containing, of course, nitrogen and carbon
compounds, and has heads at 359.0 (1, 0), 388.3 (0, 0), 421.6 (0,
1), and 460.6 nm (0, 2) degraded to the violet.** Other more ques-
tionable peaks in Fig. 14 are shown at 333.4 and 356.5 nm. These
peaks are more questionable because there are a lot of peaks (CN*,
NH*, N3, CN*) at and around the 333-334 nm range and the peak
shown as N7 at 357.6 nm is actually on the graph as 356.7 nm.
This 1-nm discrepancy in wavelength could be due to many fac-
tors, ranging from miscalibration of the spectrometer or Doppler
shifting of the line due to the high flow velocity. Furthermore, this
area has multiple possibilities for peaks and definite superposition
of the local CN(1, 0) band onto the rest of the area. In addition, the
N7 band in regular flames usually has a secondary peak (2, 1) at
353.7, which has been shown to have an intensity of about 80% of
the (1, 0) peak.** Thus, there must be some significant contribution
to the apparent (1, 0) peak from some other excited species.
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Figure 15 shows the spectral data for the 400-575 nm range with
the nitrogen feedstockand ethylenefuel at 2000 W. The peaks shown
in this spectrogram are more readily identifiable than those in the
200-400 nm range. First, the CN* 421.6- (0, 1) and 460.6-nm (0,
2) bands, degraded to the violet, are shown. The most prevalent
system shown in this spectral range is the C; Swan bands, with
its most prevalent bands ranging as follows: 438.2 (2, 0), 473.7
(1, 0), 516.6 (0, 0), 563.5 (0, 1), and 619.1 nm (0, 2). Typically,
these bands degrade to the violet and are very common in sources
containing carbon, such as Bunsen flames and in dischargesthrough
hydrocarbonsand other organics** They also appearin a carbon arc
andin active nitrogenreacting with organic vapors. A small bandlike
structureis also apparentat 431.5 nm, which degrades to the violet.
Another small additional peak is evident at the tail end of the CN
(0, 2) band and is located around 449.7 nm. This could be part
of the 390.0-nm CH* system because there is another band (1, 2)
from this system at 449.5 nm. However, because the 388.9-nm peak
would be washed out from the CN (0, 0) band, it is hard to say
with utmost certainty that this is CH*. Note that the overall intensity
of the apparent CH* band is fairly low as compared to the major
chemiluminescence of the plume.

Spectral data for the 575-750 nm range with the nitrogen and
methane feedstocks and ethylene fuel at 2000 W were also col-
lected. The only major line in this range for both configurations was
the monatomic H,, line at 656.3 nm and, thus, no figure is presented.
The Hy line is shown in Fig. 16. Figure 16 shows spectral data in
the 400-575 nm range with methane as the torch feedstock in op-
eration at 2000 W and ethylene fuel. The Hy line is at 486.1 nm
and is more apparent in the methane spectral data because methane
plasma involves the direct dissociation and excitation of hydrogen
instead of by indirect means of the ethylene stream, as with the
nitrogen plasma. For the other peaks presented in this region, the
only real difference between the methane and nitrogen feedstock
spectra is the decrease in the relative intensity of the CN* bands,
which were the dominant bands, intensity wise, in the nitrogen
spectra.

The main intensity trends of the spectral line data obtained while
using nitrogen and methane feedstocksas a function of torch station
relative to the injector array are presented in Figs. 17 and 18. These
data points represent the maximum intensity locations of a vertical
sweep with the spectrometer placed 1.0 cm downstream from the
exit of the torch. During these experiments, the spectrometer had a
0.125-sintegrationtime ateach station with alocal viewing area with
a diameter of 0.5 mm. Because of the location of the fused silica
windows relative to the plasma torch, it was necessary to place
the spectrometer at a 3-deg angle off the perpendicular to make
measurements at torch-station 3. The results show that the torch
stations with the brightest spectral line intensities were stations 2
and 1 for nitrogen and methane, respectively.In addition, they show
that the spectral line intensities all share the same general trends of
variation in intensity as a function of torch location relative to the
fuel-injectorarray for the two main feedstocks tested.

More results for the data obtained while using methane and ni-
trogen feedstocks are presented in Figs. 19 and 20. Figures 19 and
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Fig. 17 Spectral line intensity trends as a function of plasma-torch
station, nitrogen feedstock, ethylene fuel, 2000 W, g; = 1.5 and gr =1.2.
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Fig. 18 Spectral line intensity trends as a function of plasma-torch
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5.0
s =@ Torch Only
3 4.0 -3 Station 1
:. -&- Station 2
3.0 .
8 =& Station 3
2
& 20
i
=
% 1.0
>
0.0 L L L L

0 500 1000 1500 2000 2500 3000
Spectral Intensity, A.U.
Fig. 19 C; line spectra at 516.5 nm as a function of plasma-torch

station with a methane feedstock and ethylene fuel, 2000 W, g;=1.5,
and gr =1.2.

n
=

& Station 1
-4- Station 2
-4 Station 3

O <O~
s = o

Vertical Position, 7 / doy
—
=

e
s

0 500 1000 1500 2000 2500 3000
Spectral Intensity, A.U.

Fig. 20 C; line spectra at 516.5 nm as a function of plasma-torch sta-
tion with a nitrogen feedstock and ethylene fuel, 2000 W, g; = 1.5, and
qr=1.2.

20 show the C,(0, 0) line at 516.5 nm. From the data in the graphin
Fig. 19 with the methane torch feedstock, it is seen that the intensity
of the CJ line with ethylene fuel from the injector and the plasma
torch is lower than its intensity from the torch alone. In addition, as
the torch is moved farther downstream from the fuel-injector array,
the C; concentration falls off, and the penetration of the emission
into the main fuel plume is diminished. This could mean that the
C; near the surface is actually from the methane plasma rather than
from the ethylene fuel; however, further experiments would be nec-
essary to prove this. The experiments with the nitrogen feedstock
showed results that are more favorable compared to the methane
feedstockin terms of C; levels. Because the levels produced by the
nitrogenfeedstockare higherand because all of the C; radicals must
come from the interaction of the torch plasma with fuel plume, the
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Fig. 21 Trends of the C; line profiles maximum intensity at 516.5 nm
as a function of plasma-torch station; methane and nitrogen feedstocks
with ethylene fuel.
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Fig. 23 Spectrogram with long duration exposure shows excited
hydroxyl peaks are very weak.

only source of carbonis from ethylene. This indicates a higher level
of excited species propagationin the fuel-torch emission plume. It
could also be interpreted as indicating a higher amount of heat re-
lease, which would be required to increase the amount of excited
species in the plume. This is illustrated by the increase in C; line
intensity and penetration height of the excited species in Figs. 21
and 22, respectively.

In addition, there is also evidence of a small concentration of
excited hydroxyl radicals in the emission plume as identified by
the peaks in Fig. 23. Figure 23 was generated with the fiber optic
spectrometer with its viewing area focused with a collimating lens
to a diameter of about 2.0 mm. The spectrometer was focused on a
region 1 cm downstream of the plasma torch and 4.5 mm off above
the surface witha 1-sintegrationtime. This location correspondsto a
normalized vertical distance of 1.03 d. The data shown in Fig. 23
were for an injector momentum-flux ratio of 1.5, with a nitrogen

feedstockthroughthe torchat2000 W. In the graph, excitedhydroxyl
peaks are shown at 281.1 and 306.4 nm. The 306.4-nm peak is also
masked by several other peaks near its wavelengthinvolvingexcited
nitrogen species, which makes it hard to see. Because the emission
from OH* is several orders of magnitude lower than the dominant
chemiluminescence, which is evident by inspection of Fig. 14, this
shows us that there is little heat release from the combustion of
the main fuel. This, compounded with the relatively low amount of
CH* present (another good indicator of heat release) shows us that
the predominant portion of the fuel has failed to ignite. As to why
little ignition occurred, the main reasons tend to point toward the
lack of oxygen in the plume of the injector array compounded with
quenching effects from the low temperature of the freestream and
fuel.

Conclusions

Cold flow, Mach 2.4 experiments were performed for an initial
evaluationof an integrated fuel injectionand ignition/flame-holding
system consisting of an aerodynamicramp-injectorarray with ethy-
lene as the injectantand a plasma torch with various feedstocks. The
plasma torch was placed at three downstream locations relative to
the injector array.

When interpreting the results from this paper it must be kept in
mind that the general flowfield studied was extremely cold (131 K
freestream temperature and room temperature ethylene fuel) and
that the plasma torch was placed into a fuel-rich region. The three
downstream torch locations were set at a close position to the fuel
array in an attempt to capitalize on the relatively strong plume vor-
tices near the injector. The initial idea was to wrap the plasma jet up
into the plume and away from the surface, allowing the “potential”
flame produced to propagate around the fuel plume in its mixing
layer. Although this final anticipated effect can not be directly stud-
ied in a cold-flow environment, it was thought that, by studying the
size and general position of the plume, favorableconditionscould be
established that may lead to success in a high-temperature scramjet
combustor.

It was found that the flame size was very dependenton the plasma-
torch feedstock selected. For a given condition (fuel flow rate and
torch power), the greatest increase in the size of the flame was
due to the local equivalence ratio change at the plasma/fuel plume
interface, that is, as the feedstock changed from methane to a ni-
trogen/hydrogen mixture, to pure nitrogen, and again to air, the
flame size significantly increased. This finding suggests that the
integrated device should work better the lower the injector jet-to-
freestream momentum-flux ratio goes because, as the mass flow
from the injector array decreases, the effective distance from the
fuel array to the torch increases, and the local equivalence ratio at
the torch goes down. Because of this effect, one may also con-
clude that while operating the torch with a fuel-type feedstock,
one may have better success by placing the plasma jet in front
of the array, or decoupling it from the fuel arrays line of axial
symmetry.

Also note that the chemiluminescence (emission) plume reaction
zone is not necessarily the path of the plasma jet feedstock. This
was made evidentby inspectingthe differencesin shape of the emis-
sion from the operation of the torch with the methane and nitrogen
feedstocks behind the fuel injector array. The methane feedstock
produced the highest amount of emission near the surface, whereas
the nitrogen feedstock emission plume was more prone to pene-
trate up off the surface of the test section. Hence, the emission seen
was really the path of the reaction as altered by the local change in
equivalenceratio due to the plasma-torch feedstock.

By inspection of the downstream total temperature results, one
can alsoconcludethat the plasma torch plumeis, at all torch stations,
being lifted up by the counter-rotating vortex motion of the fuel
injector’s plume. Results show that the core of the temperatureplume
was 2.5 and 3.5 times higher with the injector in operation at jet-to-
freestream momentum-flux ratios of 1.5 and 3.0, respectively, when
compared to the height of the torch in operation alone.

When the plasma torch is operated with a methane feedstock,
more exited C; radicals are produced, which penetrate farther into
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the main ethylene-fuel jet plume with the torch at the closest
station (#1) to the injectorin the cases studied. In addition, this con-
figuration also had the highest intensity level of all of the excited
species measured with the spectrometer(C*, H*, CN*, N7, and CH*)
for the three stations tested. Nitrogen, when compared to methane,
produced more C; radicals, indicating more plasma/fuel interac-
tions. These excited species penetrated farther into the main fuel
plume and created a larger temperaturerise associated with a higher
level of heat release in the main fuel plume. Nitrogen also produced
higher intensities of CH*, N3, CN*, and C; than methane, although
methane did produce higher levels of C* and H*. The torch at the
middle-station (#2) produced the highest level of excited species as
measured with the spectrometer at the measurement station 1 cm
downstream of the torch orifice. Furthermore, the emission-plume
photographs show that, in this case, the excited species penetrated
farthestinto the main fuel plume and had the longest length.

The emission from OH* was several orders of magnitude lower
than the dominant chemiluminescence produced by the emission
plume. This shows us that there is little heat release from the com-
bustion of the main fuel. This, compounded with the relatively low
amount of CH* present (another good indicator of heat release)
shows us that the predominant portion of the fuel has failed to ig-
nite. As to why little ignition occurred, the main reasons tend to
point toward the lack of oxygen in the plume of the injector array
compounded with quenching effects from the low temperature of
the freestream and fuel.

Tests of this injector/igniter arrangement in a model scramjet
combustor with hot flow are planned. This will permit a full and fair
evaluation of the performance of this device.
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