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Improved Aerodynamic-Ramp Injector in Supersonic Flow
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An experimental study was performed in the Virginia Polytechnic Institute and State University supersonic
wind tunnel on a simpli� ed and revised multiport aerodynamic-ramp injector array in a supersonic � ow. The
new aerodynamic-ramp injector consisted of four � ush-walled holes, in contrast to the original nine-hole versions.
For comparison, a single, low downstream-angled circular injector hole was examined. Test conditions included
sonic air injection into a Mach 2.4 air cross stream with an average Reynolds number of 4:2 ££ 107 /m at jet-
to-freestream momentum � ux ratios from 1.1 to 3.3. Shadowgraphs and surface oil-� ow visualization pictures
were taken in the vicinity of the injectors to gain a qualitative assessment of the injector � ow� elds. Quantitative
measurements of the pressure � eld on the surface near injectors and in a cross-stream plane downstream were
conducted using pressure-sensitive paint and pitot/cone-static probes, respectively. The mixing characteristics of
the injectors at three downstream stations were quanti� ed using total temperature probes and a combination
of heated and unheated injected air pro� les to generate a mixing analog to concentration. Results showed that
the aerodynamic-ramp mixed faster and had a larger plume area than the single-hole injector, while sustaining
somewhat higherpressure losses due to increased blockageand a higher downstream-angledinjector arrangement.

Nomenclature
A = cross-sectionalarea
Cd = discharge coef� cient
deq = equivalent jet diameter, d j

p
4 for a four-hole array

d j = jet diameter
hmix = maximum concentrationpenetration height
hs = stoichiometric plume penetration height
l = injector throat length
Pm j;a = actual injector mass � ux, Cd Pm j;i

Pm j;i = ideal injector mass � ux
p = static pressure
pt = total pressure
Nq = jet-to-freestreammomentum � ux ratio
Rb = effective radius
Re = Reynolds number
T = static temperature
Tt = total temperature
u = � ow speed
wcore = plume core width
wedge = stoichiometric plume width
x = streamwise coordinate
y = spanwise coordinate
z = vertical coordinate
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®mix = mass fraction mixing analogy
®mix;max = maximum mixing analogy mass fraction
®s = C2H4–air stoichiometric mass fraction, 0.068
° = speci� c heat ratio
´m = mixing ef� ciency
¸ = jet-to-freestreammass � ux ratio .½u/ j =.½u/1
½ = density

Subscripts

C = ambient injection temperature condition,
cold injection

H = heated injection temperature condition, hot injection
j = injector
1 = freestream

Introduction

I N a scramjet engine, not only must the injected fuel mix quickly
into the surrounding freestream, the process must also induce

the lowest aerothermodynamiclosses possiblebecauseof short fuel
residence times inside scramjet combustors on the order of a mil-
lisecond.Enhancedmixing and rapid combustion imply a reduction
of the combustor length, thus, reducing the skin-friction drag and
increasing the potential for positive net thrust. Higher total pres-
sure losses lead to higher static temperatures in the combustor and,
ultimately, a decrease in cycle ef� ciency.

A multitude of experiments have been performed in the � eld
of injection in supersonic � ows using numerous techniques, such
as swept ramps,1¡3 slots,4;5 transverse injection,1;6¡11 and jet
swirl.12¡17 An extensive review of injector mixing characteristics
is given by Schetz et al.18

The general interference effects generated by multihole trans-
verse injector arrays have been capitalized on in the design of the
“aero-ramp” injector by Cox et al.,19 Cox-Stouffer and Gruber,20¡22

Fuller et al.,23 and Schetz et al.24 This design showed promising
features, such as mixing characteristicsnear the same performance
level of a physical ramp injector with lower total pressure losses.
However, the design left a secondary core trapped in the shear layer
near the wall, which could lead to undesirably high heat transfer
rates along the combustor surface. The effects of toe-in angle on
a single row injector array have also been examined by Jacobsen
et al.25 In that study, it was found that increasing the toe-in angle
of the exterior injector holes greatly increased the mixing ef� ciency
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and core penetrationof the overall jet plume generated by the array.
An attempt to capitalizeon the effectsof an aero-rampinjectorarray
in a scramjet combustor were � rst numerically studied by Eklund
and Gruber,26 and then experimentallyby Gruber et al.27 In the latter
study, two hydrocarbon-fueledaero-ramps were compared to a sin-
gle row of four 15-deg low downstream-angledholes. Currently, the
design and developmentof the aero-ramp injector involves the need
for simpli� cation of the dif� cult to fabricate, nine-hole design. A
new simpli� ed aero-rampwould use its con� gurationto enhanceax-
ial mixing and leavelittle to no fuel on the surfacedownstreamof the
injector. Future development of the aero-ramp should also include
the possibility of incorporating a � ame holding device somewhere
in between, off center, or downstream of the fuel injector array.

Experiments were performed to investigate the � ow� eld near a
new aerodynamic-rampinjectorarray.The new four-holeaero-ramp
was designed to maximize axial jet-inducedvorticityand to use this
to lift the entireplume into the � ow. The new aero-rampinjectorwas
tested and compared to a single low-angled circular injector hole in
a Mach 2.4 cross stream. Shadowgraph and surface � ow visualiza-
tion pictures were taken at momentum � ux ratios from 1.1 to 3.3
to help qualitatively understand the nature of the � ows. To assess

Fig. 1 Virginia Polytechnic Institute and State University Mach 2.4
test section, 23 ££ 23 ££ 30 cm.

a) Aero-ramp injector array b) Low-transverse-angled circular injector hole

Fig. 2 Injector models.

the pressure losses incurred by the two injectors, pressure-sensitive
paint and aerothermodynamicprobing were used near the injector
and at a downstreamlocation,respectively.In addition,total temper-
ature measurements were also taken at three downstream locations
with heated air injection to help quantify the mixing capability of
the injector array and compare it to the single-hole injector.

Test Facilities
Experiments took place in the Virginia Polytechnic Institute and

State University blowdown supersonic wind tunnel. The wind tun-
nel was con� gured with a convergent–divergent nozzle resulting in
a freestreamMach number of 2.4. The test section dimensionswere
23 cm wide by 23 cm high and 30 cm long in the streamwise di-
rection. Data were acquired on a personal computer, a 16-channel,
16-bit A/D converter, and a 64-channel multiplexer with a built-in
cold-junctioncompensator for temperature measurement. Figure 1
shows the wind tunnel nozzle and test section.

Injector Models
Figure 2 shows the two injector models used in this study. The

aero-ramp injector used in the experiments had four jets, each with
an individual jet diameter d j of 2.38 mm and, therefore, an equiva-
lent jet diameter deq of 4.76 mm. The design consisted of two rows
of two round holes, spaced 4.0 equivalent jet diameters apart in the
streamwise direction with a cross-stream spacing of 2.0 equivalent
jet diameters between the holes. The � rst and second pair of injector
holes had transverse-injection and toe-in angles of 20 and 40 deg
and 15 and 30 deg, respectively.

Several candidate reference injectors were considered for com-
parison to the aero-ramp; of these, the most favorable choices were
a swept ramp and a single-hole injector, downstream angled at
either 15 deg or the equivalent composite angle of the injector ar-
ray (»30 deg). Because the aero-ramp injector was being designed
for combustion experiments in comparison to the baseline injector
con� guration from Gruber et al.,27 which consisted of four, 15-deg
low downstream-angledholes, a single hole from this arrangement
was chosen. The single low-angled circular injector hole had a di-
ameter of 5.61 mm and was transversely angled 15 deg relative to
the downstream direction on the test section � oor (Fig. 2b). The
single-hole injector had a throat length of 6.0 l=d j (measured from
the center of the hole).



JACOBSEN ET AL. 665

Some of the main issues associated with the evolving design of
the aero-ramp injector are the mitigation of a secondary fuel-core
trapped in the shear layer near the surface, ways to generate vortic-
ity and enhance mixing with the arrangement of the holes, and the
possible accommodation of a spark, pilot, or plasma igniter down-
stream of the injector array. The current four-holeaero-rampdesign
is a simpli� cation of the nine-hole version.19¡24 By the removal of
the center row of holes in the nine-hole array and the inclusion of
high toe-in angles of the existing holes, the current design encour-
ages axial vortex formation. This helps to lift the entire plume off
of the wall, leaving little to no secondary fuel core near the surface.
This mitigation of the secondary core in the shear layer will help
reduce the thermal loading to the surface of the combustor. Further
simpli� cation of the aero-ramp design involves the removal of one
of the cross-streamrows of holes from the original nine-holedesign
as well. The angular placement and arrangement of the four-hole
aero-rampwas designed to create a lean channel in between the two
downstream rows of jets. The jet arrangement was also created to
produce a sheltered region downstream, where � ame ignition and
propagation would be enhanced.

It is important to realize that the four-hole aerodynamic-rampin-
jectorwas designedby the studyof parametrictrendsassociatedwith
the toe-in angle and swirl,12;25 along with various other nine-hole
aero-ramp studies, mainly involving computational � uid dynamics
(CFD).19¡24 The new four-hole injector model is not formally opti-
mized, however many of the features were selected to enhance its
performance based on results from the similar studies listed above.

Test Matrix
All wind tunnel tests were performed at a freestreamMach num-

ber of 2.4 while injecting ambient or heated air to simulate hy-
drocarbon fuels without the associated safety hazard. The average
total pressure and temperature of the freestream were 3.7 atm and
281 K, respectively. These conditions resulted in a correspond-
ing freestream velocity of 550 m/s and a Reynolds number of
4:2 £ 107/m. Tests involved jet-to-freestream momentum � ux ra-
tios ranging from 1.1 to 3.3. The jet-to-freestreammomentum � ux
ratio is de� ned as

Nq D
.½u2/ j

.½u2/1
D

.° pM 2/ j

.° pM 2/1
(1)

Air from a supply tank was used as the injectant through the injec-
tor block and the momentum � ux ratios were limited to a maximum
value of 3.5. A throttling valve in the line allowed reduction to a
nominal value of 1.1. Table 1 shows the matrix of test conditions
examined in the experiments. Because the aero-ramp was designed
to inject a set amount of gas at a higher jet-to-freestream momen-
tum � ux ratio than the single-hole injector, the experiments were
segmented by set mass � ux values for better comparison. Thus, for
a given mass � ow, the two injectors have an equivalent effective
radius. The injector freestream � ow coordinate system consists of
right-handCartesiancoordinateswith the origin placed at the center
of the overall injectorareas.The positivex axis is in the downstream
direction, the y axis in the horizontal direction, and the positive z
axis in the vertical direction. The effective radius was used to nor-
malize axial distance. The effective radius is de� ned as

Rb D
p

Pm j;a=½1u1 (2)

where Pm j;a is the actual injector mass � ux, equal to the ideal mass
� ux times the injector discharge coef� cient Pm j;i Cd . The effective
radius was originally de� ned by Barber et al.9 as the radius of the
equivalent circular area of freestream � ow with a mass � ux equal
of that of the injectors except for a factor of ¼ in the denominator.

Table 1 Nominal injector test conditions

Pm j;i

Injector 18 g/s 26 g/s 36 g/s

Aero-ramp Nq D 1:5 Nq D 2:2 Nq D 3:0
Single hole Nq D 1:1 —— Nq D 2:2

The methodology for estimating the uncertainties in measure-
ments and in the experimental results calculated from them, was
based on the AIAA standard.28 Estimation of the total uncertainty
in the measured quantities utilized the precision index of the mean
and bias error at a con� dence level of 95% (20:1 odds). Uncertainty
in the experimental results as a function of the measured variables
was calculated using the Euclidean norm.

Apparatus and Techniques
Nanoshadowgraphs

Spark shadowgraphs were taken using a nanopulser spark with
an exposure time of 2 £ 10¡8 s. With a 20-ns pulse of light, it is
possible to see the turbulenteddy structures in the � ow signi� cantly
larger than 0.011 mm.

Surface Oil-Flow Visualization
Visualization of the surface � ow patterns near the injectors was

accomplished via the use of 500-cSt silicone oil mixed separately
with two colors of � uorescentdye. To help show the directionof the
surface� ow as it passed the injectorholes, a thin layer of � uorescent
green oil was placed all around the injector, and a thin strip of � uo-
rescent red oil was placed in front of the injector holes.The patterns
were illuminated with a 100-W ultraviolet lamp, and pictures were
taken with a 35-mm camera after each run. The surface oil-� ow
patterns were also recorded on videotape during tunnel operation.

Aerothermodynamic Probing
Aerothermodynamic sampling was accomplished with pitot,

cone-static, and total temperature probes. The pitot probe had a
1.59 mm outer diameter and 1.04 mm inner diameter, which gave
a capture area of 0.85 mm2 . The cone-static probe consisted of
1.59-mm-outer-diameterpipe with a 10-deg cone half-angle.There
were four small ports arrangedaroundthe cone to help reduce the ef-
fectsofmisalignmentof theprobe to the � ow. Temperaturewas mea-
sured with a rake consistingof three 1.59-mm-outer-diametertubes
spaced6.4mm apart,eachwith a thermocoupleinside.Each tubehad
an innerdiameterof 1.04 mm, givingeach probea 0.85-mm2 capture
area. The total temperature probes also had four small holes drilled
around the tubes to improve the recovery factors of the probes.
The capture to recovery area ratio was 5–1, resulting in a recov-
ery factor of 0.98. Exposed junction type-E thermocouples with
0.25-mm-diambeads were placed inside the three total temperature
probes.

Pressure-Sensitive Paint
Measurements of the static pressure � elds around the injec-

tors were made using pressure-sensitive paint (PSP). The PSP
used was based on a � uoroacrylic copolymer binder and incor-
porated the � uorinated platinum porphyrin species, meso-Tetra–
(penta�uorophenyl)porphine.The PSP was illuminated in the near-
UV range with a light-emitting diode-based array. The wavelength
of the resulting luminescence of the paint occurred in the 500–
600 nm range and was imaged on a charge-coupleddevice camera.
Because of oxygen quenching effects, the resulting intensity pro-
� le is inversely proportional to the static pressure � eld around the
injector. Calculation of the local static pressure � eld was done us-
ing an in-situ method involving sample calibration information of
intensity as a function of temperature and pressure and information
from one of the pressure taps on the surface near the injector. A de-
tailed description of the PSP reduction process and theory is given
by Crites.29

Species Composition Mixing Analogy
Aerothermodynamic sampling with the three total temperature

probes attached to a rake mentioned earlier were performed for the
test conditionsin Table1 with ambientand heatedair as the injectant.
This was done to obtain temperature pro� les analogous to the mass
fraction of a simulated hydrocarbon gas with a molecular weight
similar to air, such as ethylene. During the heated runs, the air in
the injector plenum chamber was raised approximately 60±C. The
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mass fraction mixing analogy ®mix originally de� ned by Tomioka
et al.,6;30 is

®mix D
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where Tt; j is the total temperature of the injected air and Tt;1 is
the total temperature of the freestream � ow. Note that the mixing
analogy can also be derived in the same fashion for a � ow� eld with
two different gases. The air in the injector plenum chamber was
preheated using two 2000-W cartridge heaters inside a heating tank
before entering the individual lines to the injector holes. In an effort
to minimize the nonuniformityof temperature througheach injector
holedue to heat transfer,theoutsidewalls of the copperinjectorlines
were insulated and preheated by running hot air through the lines
before the experiments.

Results and Analysis
To document the aero-ramp injector performance characteristics,

experiments were performed on the new, four-hole, aero-ramp in-
jector to obtain a more complete understanding of its � ow� eld.
The results were compared to a single, sonic 15-deg downstream-
angled hole. To make the comparison more direct in terms of a
similar scramjet combustor con� guration, the two injectors were
compared on an equivalent mass � ow basis. Thus, the aero-ramp
was scaled up to an equivalent diameter of 4.76 mm for compari-
son to a full-scale 5.61-mm single 15-deg downstream-angledhole
to operate in a range thought favorable to aero-ramp-type injec-
tors. This placed the operating momentum � ux ratio range of the
aero-rampat 1:1 · Nq · 3:5 for an equivalentinjectormass � ow com-
parison to the single-hole injector at 0:8 · Nq · 2:5, for the baseline
con� gurationofGruber et al.27 Shadowgraphand surface-� ow visu-
alizationpictureswere takenat variousmomentum� ux ratios to help
qualitatively understand the nature of the � ows. PSP and aerother-
modynamic probing studies were made to assess the pressure losses
incurred by the two injectors. In addition, total temperature mea-
surements were taken at three downstream locations with heated air
injection to help quantify the mixing capability of the injector array
and to compare it to the single-hole injector.

Shadowgraphs
Shadowgraphsof the aerodynamicramp and single-holeinjectors

in a Mach 2.4 cross� ow are shown in Fig. 3. In all of the shadow-
graphs, excluding the ambient injection cases, the � ow is from left
to right.

In the ambient environmentpictures, the aero-ramp jets (Fig. 3a)
are underexpanded 5.2 times, and a clear image of the expanding
jets shock structurescan be seen, including the barrel shocks,Mach
disks, and shock trails. The ambient injection picture of the 3.5
times underexpanded,single-hole jet has roughly a 9% lower mass
� ow level than that of the aero-ramp picture. In Fig. 3b, less of the
shock structures can be seen because the gas is less overexpanded
than the aero-ramp, although a shock wave is evident emanating off
the trailing edge of the injector hole. In these images, the relative
injection angles of the injector plumes are also visible. The aero-
ramp plume injection angle is about twice the relative transverse
angle of that of the single-hole plume. This is due to the physical
transverse injectionangles of the two injectors (aero-ramp¼ 30 deg
and single hole D 15 deg).

In the supersonic cross� ow pictures (Figs. 3c–3f), air is being
injected through the aero-ramp injector at ideal mass � ow values of
18 and 36 g/s, corresponding to jet-to-freestream momentum � ux
ratios Nq of 1.4 and 3.3 and through the single-hole injectors at 1.0
and 2.3, respectively. The lower and higher momentum � ux ratios
correspond to the same mass � ow levels through the two injectors,
and any discrepancy to the idealized momentum � ux ratio values is
due to variation of the freestream conditions on a run-to-run basis.
The boundary layer near the injector is about 9 mm thick, and the

bow shock waves produced from the two rows of injector holes in
the injector array can be seen emanating from them, going up to the
right. The shock structures of the injector jet plumes (Figs. 3c–3f)
are masked by the turbulent structures in the boundary layer and
are only partially visible. Still, it is possible to see how the plumes
are turned downstream by the cross� ow. The effect is especially
visible in Figs. 3e and 3f. Because of the relatively small change
in density associated with air injection into an air freestream and
the thick boundary layer on the test section � oor, the edge of the
injector jet plumesdownstreamof the injectionsites are slightlyvis-
ible. Nevertheless, it is possible to see the injected air in the vicinity
of the two injectors, but any estimate of the penetration height of
the injected air would be purely speculative. The bow-shock-wave
structures, which are readily seen emanating from above the in-
jector jet plumes in the supersonic region of the boundary layer,
are oblique and approach the angle of a Mach wave as they move
away from the initial jet disturbances.The obliquebow shock waves
produced from the injectors grow in strength (oblique angle) with
the increase in momentum � ux ratio Nq . This means that the total-
pressure losses incurred by the injection process may increase with
Nq and corresponding mass � ux due to increased blockage effects.
The separation zones are distorted too much by the boundary layer
and the unsteadiness of the injector to draw any conclusions about
size or growth.

In the aero-rampinjectorshadowgraphs(Figs. 3c and 3e) kinks in
the bow shock can be seen emanating from the downstream row of
injectorjets.The kinksshow the inherentunsteadinesscreatedby the
interactionsof the jet plumes.Upstreamof the injector,at the top left
of thepictures,areotherextraneousweak waves,whichwere created
at the junctionof the test sectionplate and the converging–diverging
nozzle. In the aero-rampimages, a third,weaker shock wave created
by the injection process can also be seen behind the two initial
injector bow shocks. This shock wave is even more unsteady than
the secondbow shockand is the � rst shock in a trailof recompression
shocks, created by the injector. The shock trail is especially evident
in the surface � ow visualization pictures (Fig. 4) and PSP images
(Fig. 5) shown in the next two sections.

Surface Oil Flow
Figure 4 shows the results of the surface-oil-�ow-visualization

experiments.The pictureswere takenat idealmass � ow valuesof 18
and 36 g/s, corresponding to injector jet-to-freestream momentum
� ux ratios Nq of 1.5 and 3.2 for the aero-ramp and 1.1 and 2.3 for
the single-hole injector, respectively.Surface-oil-�ow visualization
gives a good indication of the � ow around the two injectors. In all
of the top-view surface-� ow pictures (Fig. 4), the freestream � ow
was from left to right. Note that the actual pictures were taken from
an angle off perpendicular, and a perspective change was made to
view the images as from above. The exits of the injectors can be
seen as elliptical black holes near the left edge. Just downstream of
the aero-ramp injector, a slot can be seen. The slot was sealed with
epoxy and sanded smooth to mitigate its effect on the surface � ow-
visualizationexperiments.The unstartingof the tunnel at the end of
each run can sometimeshave a distortingeffect by pushing the paint
on the surface in all directions. Although the unstart causes some
distortion in the images, the surface-� ow pictures still accurately
represent the patterns created from the air injection as determined
by video and direct observationsduring the runs.

A close inspection of the individual images can tell much about
the various features involved in the � ow patterns created by the
injectors.Some of the important features are the trajectoryof the jet
plumes along the wall, the width of the individual jets and overall
plumes, the size of the separationzones in front of the injectorholes,
and the separation regions behind the hole trailing edges.

The plume width is not apparent in thesepictures(Fig. 4), because
it is affectedby the interactionof the toe-in angle of the injector and
the freestream � ow, which acts to lift the plume off the test section
� oor. The overlapping of the plumes due to the high toe-in angles
of the aero-ramp injector indicates increased mixing between the
individual injector jets. It was found in a similar study by Jacobsen
et al.25 that, as the jet momentum is angled in toward the center of
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a) Aero-ramp, ambient jet, 5.2 times underexpanded, ¹q = 1

c) Aero-ramp, ¹q = 1.4, _mj;i = 18 g/s

e) Aero-ramp, ¹q = 3.3, _mj;i = 36 g/s

b) Single hole, ambient jet, 3.5 times underexpanded, ¹q = 1

d) Single hole, ¹q = 1.0, _mj;i = 18 g/s

f) Single hole, ¹q = 2.3, _mj;i = 36 g/s

Fig. 3 Shadowgraph images of the two injectors in an ambient environment and a Mach 2.4 cross� ow.

an injector array, the penetration height of the injectant increased.
Furthermore, as the jets expand inward, they reduce the width of the
overall shock and con� ne the blockage to a narrower cross-stream
space with a higher overall plume penetration.

The separation zones in front of the aero-ramp injector holes
can be seen especially in the higher momentum � ux ratio picture
(Fig. 4c). In the cases with lower momentum � ux ratios, the buildup
of oil in this zone is seen to leak through between the � rst row of
injector holes. As the momentum � ux ratio increases, the surface
� ow throughthis region is reducedand � nally stoppedin the Nq D 3:2
case. This separationzone is also seen in the higher Nq shadowgraph
picture (Fig. 3e) and in the surface� ow-videofootage,which clearly
shows the unsteady nature of this � ow. The separation zone helps
the jet plume initially penetrate farther by reducing the in� uence
of the freestream momentum on that of the jets. However, such
separations may create unwanted “hot spots” on the wall of a real
combustor. The third separation zone can be seen directly behind
the rear injector holes by the buildup of oil in this region. The zone
increases in size with momentum � ux ratio. Examination of the

video footage shows the paint spinning and jumping around in the
middle and downstreamseparationregionsduring tunnel operation,
clearly indicatingthat the injector creates strong vortices that termi-
nate on the wall. The downstream separationzone should provide a
sheltered region good for ignition and � ame propagation purposes.
The size of the separation zones in front of and behind the single-
hole injector are a lot smaller, and no conclusive trend was evident
pertaining to their growth in size with momentum � ux ratio/mass
� ow from the two pictures presented (Figs. 4b and 4e). However,
it is clear that they are signi� cantly smaller than the ones created
by the aero-ramp array. Furthermore, note, in the low Nq D 1:1 case
(Fig. 4b), that oil � ow can be seen to dip down into the recess of the
single hole at its downstream end. This shows that the jet � ow has
effectivelyunattacheditself from the contourof the hole, expanding
at an increased transverse jet angle.

PSP
Experiments using PSP were conducted on the two injectors for

ideal mass � ow values of 18 and 36 g/s, correspondingnominally to
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a) Aero-ramp, ¹q = 1.5, _mj;i = 18 g/s

c) Aero-ramp, ¹q = 3.2, _mj;i = 36 g/s

b) Single hole, ¹q = 1.1, _mj;i = 18 g/s

d) Single hole, ¹q = 2.3, _mj;i = 36 g/s

Fig. 4 Surface oil-� ow visualizations in a Mach 2.4 cross� ow.

a) Aero-ramp, _mj;i = 18 g/s, ¹q = 1.5

c) Aero-ramp, _mj;i = 36 g/s, ¹q = 2.8

b) Single hole, _mj;i = 18 g/s, ¹q = 1.0

d) Single hole, _mj;i = 36 g/s, ¹q = 2.2

Fig. 5 Normalized PSP experiments in a Mach 2.4 cross� ow.
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injector jet-to-freestreammomentum � ux ratios Nq of 1.5 and 2.8 for
the aero-ramp and 1.0 and 2.2 for the single-hole injector, respec-
tively. The results from this experiment,presented in Fig. 5, provide
information about the static pressure � eld on the surface around the
injector area. In Fig. 5, the � ow is moving from left to right, and
the pressure � eld is normalized by the freestream static pressure
P1. Each plot of Fig. 5 has the same pressure scale to help with
comparison.The surface x and y axes are shown normalized by the
effective radius. While painting the injectors, the pressure tap holes
and injector holes were plugged with small wires and tape, respec-
tively. The thickness of the paint is only a few micrometers, and so
no in� uence on the performanceof the injector holes was expected.
The dark circle around the injector area is where the surface of the
tunnel mates with the injector blocks, and there is no paint. Because
of a differencein temperaturebetween the injectorblockand the test
section wall, the pressureinformationoutsideof the circularinjector
block has a higher associatederror. Additionally, the unsteady tem-
peraturevariationsassociatedwith the blowdownfacility caused the
maximum deviation in calculated static pressure near the injector
from the surface pressure taps to be 0.06 atm. This is because the
pressure � eld was calculated using information from only a single
pressure tap on the injector block in the downstream wake of the
jet, which was used to estimate the entire injector-blocktemperature
� eld.Hence, themaximumdeviationof the staticpressurecalculated
from the PSP � eld in the wake of the injector, relative to the sur-
face pressuretaps, is only 0.03 atm. The estimateduncertaintyin the
static pressure tap measurementswas §0.004 atm. To illustrate this,
two graphsof the centerlineinformationof the surfacepressure� eld
compared to the centrally located pressure taps are shown as Fig. 6.

In the PSP pictures (Fig. 5), the high-pressure regions in front
of the injector holes are caused by their corresponding bow shock
waves. These high-pressure regions match up nicely to the separa-
tion zones shown in Fig. 4. Ultimately, these static surface pressure
pro� les show that the aero-ramp injector produced higher surface
pressure over a larger area than the single-hole injector, indicating
highershock-relatedtotal-pressurelossesfromthe injectionprocess.
The low-pressure regions behind the injector holes are the regions
where the injector jets are expanding to reach the local surrounding
backpressure.An interesting feature of the aero-ramp pressure pro-
� les shown in Figs. 5a and 5c is the shock trail shown downstream
of the injector. The shock trail is due to the underexpandednature
of the jet � ow� eld. Notably, this feature is not evident in the � eld
of view of the single-hole images.

Aerothermodynamic Measurements: Total Pressure Pro� les
Total pressure loss pro� les of the aerodynamic-rampinjector are

shown in Fig. 7. Figure 7 shows the results from the aerothermody-

a) Aero-ramp injector

b) Single-hole injector

Fig. 6 Normalized PSP centerline traces.

a) Aero-ramp injector, station 2, _mj;i = 36 g/s, ¹q = 3.0, x/Rb = 6.0

b) Single-hole injector, station 2, _mj;i = 36 g/s, ¹q = 2.2, x/Rb = 6.3

Fig. 7 Downstream total pressure pro� les.

namic measurement experimentsusing pitot and cone-staticprobes.
The measurementswere made at sampling station 2, which normal-
ized by the effective radius, corresponds to nondimensional dis-
tances of 6.0Rb and 6.3Rb from the centers of the aero-ramp and
single-hole overall areas, respectively. The pro� les were made at
an ideal mass � ux of 36 g/s corresponding to Nq of 3.0 § 0.15 and
2.2 § 0.11 with the aero-ramp and the single-hole injector, respec-
tively. These isobar pro� les (Fig. 7) illustrate the total pressure � eld
produced by the injection process near the plumes of the injec-
tors and allow a quantitative assessment of the losses incurred by
the injectors. The local total pressure pro� les are normalized by
the freestream total pressure, and both pro� les are set to the same
non-dimensional scale for ease of comparison. The calculated un-
certainty in Pt;1 , Pt; j , and Pt were §0.07, §0.004, and §0.04 atm,
respectively.The cross-stream isobar pro� le horizontal and vertical
probe sampling locationswere spaced1.59 and 0.79 mm apart in the
y and z direction over a distanceof 50.8 and 30.5 mm, respectively.
The uncertainty in probe position was §0.2 and §0.1 mm in the
cross-streamand vertical positions, respectively.

In agreementwith the PSP images, the total pressure loss pro� les
show the aero-ramp produced higher pressure losses in a larger
area compared to the single-hole injector. In addition, the minimum
pressure cores of the aero-ramp are lower and penetrate less into
the freestream. The two outer-minimum total pressure cores are
also spread farther apart in the aero-ramp con� guration, which is
directly due to the cross-stream injector spacing of the array. This
implies that reducingthe cross-streamspacingof the jets in the aero-
ramp injectorarraywill reduce the pressure lossesby decreasingthe
total amount of freestream blockage. The total pressure losses are
quanti� ed in a later section.



670 JACOBSEN ET AL.

Species Composition Mixing Analogy Pro� les
The mixing analogy pro� les created using Eq. (3) for the aero-

ramp and single-hole injectors are presented in Figs. 8 and 9, re-
spectively. The scale of the isoline mixing analogy pro� les shown
in both Figs. 8 and 9 are set the same from zero to the highest con-
centration level observed by the aero-ramp injector at the closest
measurement station to the injector. The downstream distances of
the cross-streampro� les aremeasuredfrom thecentersof theoverall
injectorareaandare normalizedby theeffectiveradius.Downstream
mixing analogy concentrationpro� les were generated for all of the
conditionslisted in Table 1 with a maximum allowed run-to-runmo-
mentum � ux ratio variation of §5% in the pro� les. The uncertainty
in the measured temperaturesused in deducing the mixing analogy
was §2 K. The calculated uncertainty in the mixing analogy ®mix

from the measured quantities was §0.03. The horizontal and verti-
cal probe sampling locations were spaced apart in the same fashion

a) Station 1, _mj;i = 36 g/s, ¹q = 3.0, x/Rb = 1.8

b) Station 2, _mj;i = 36 g/s, ¹q = 3.0, x/Rb = 6.0

c) Station 3, _mj;i = 36 g/s, ¹q = 3.0, x/Rb = 13.9

Fig. 8 Aero-ramp species composition mixing analogy pro� les.

a) Station 2, _mj;i = 36 g/s, ¹q = 2.2, x/Rb = 6.3

b) Station 3, _mj;i = 36 g/s, ¹q = 2.2, x/Rb = 14.4

Fig. 9 Single-hole species composition mixing analogy pro� les.

as noted in the aerothermodynamic measurements from the pre-
ceding section. As already stated, the uncertainty in probe position
was §0.2 and §0.1 mm in the cross-stream and vertical positions,
respectively.

The aero-ramp mixing analogy pro� les in Fig. 8 show that a
signi� cant single counter-rotating axial vortex structure has been
created by the injector array, which is evident by the shape of the
two primary injector cores. Furthermore, the injected air has been
lifted away from the test section � oor by the vortex motion, leav-
ing no secondary core trapped on the surface by the shear layer.
This is a signi� cant differencefrom the earlier nine-hole aero-ramp
injector plumes, which have been shown to trap a secondary core
along the surface in the shear layer.23 Figure 9 presents the mix-
ing analogy pro� les for the single-hole injector. For comparison to
the aero-ramp, a limited number of pro� les were obtained with the
single-holeinjector.The pro� les show the aero-rampto havea lower
maximum mass fraction with a larger overall plume area and faster
decay rate. These items will be quanti� ed subsequently.

An interesting feature of the single-hole injector mixing anal-
ogy plumes is the horseshoe-shapedstructureespeciallyapparent in
Fig. 9a. This shape is often associatedwith a vortex structuregener-
ated by the interactionof a jet in a cross� ow and is the main mecha-
nism for mixing enhancementof the single-holejet. The aero-ramp,
on the other hand, generatesvorticitynot only by freestream–jet in-
teractions, but also from the interference effects of the multiple jet
interactions and the toe-in of the jets, not to mention the additional
vorticity generated by the multiple curved jet bow shocks.

Maximum Concentration Decay
The maximum concentration decay of the aero-ramp using the

mixing analogy ®mix;max is shown in Fig. 10 and the vertical heights
of the local core maximums, hmix=Rb , are shown in Fig. 11.
Figures 10 and 11 show that both injectors are better mixers at
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Fig. 10 Maximum analogous concentration decay.

Fig. 11 Maximum analogous concentration core penetration height.

Fig. 12 Plume top penetration height.

lower momentum � ux ratios and that the penetration heights of the
plume cores are reduced. Overall, the aero-ramp provided better
mixing in terms of lower maximum concentrationat all comparable
conditions tested. Another interesting trend shown in Fig. 11 is the
high initial penetration height of the aero-ramp injector and how
the single-hole core penetrates higher, farther downstream. This is
partially due to the higher compositedownstreamangle of the aero-
ramp array (¼ 30 deg) over that of the single-holeinjector (15 deg).
The higher transverse injection angle helps provide higher initial
penetration; however, because of the spread out nature of the jets,
the downstream penetration height is reduced, and the single-hole
injector overtakes the aero-ramps plume.

Plume Penetration
The maximum penetrationheights of the mixing analogyplumes,

hs=Rb , were measured, and the results are presented in Fig. 12. The
plume penetration hs is de� ned here as the vertical distance from
the wall to the upper edge of the mixing region where the mass frac-
tion mixing analogy is equal to the stoichiometricvalueof ethylene,
0.068. The results show the single-holeinjector enables higher pen-
etration at the higher momentum � ux ratio and correspondingmass
� ow rate.

Plume Width
Figures13 and 14 present the results from theplume width studies

de� ned by the distance between the plume cores, wcore , and the sto-
ichiometric side edges, wedge, respectively. In the plume core width
study, note that the cores start at an initial close relative position,
move outward, and then return toward the centerlineof the plumes.
Also, as shown in Fig. 14, the width of the overall aero-ramp plume
increases as a function of downstream distance, whereas the width

Table 2 Injector plume parameters for x/Rb ¼ 6

Parameter Aero-ramp Single hole

A=Au 6.4 § 0.1 4.5 § 0.1
´m 0.30§ 0.01 0.23§ 0.01
5 0.23§ 0.05 0.21§ 0.05

Fig. 13 Width between the plume cores.

Fig. 14 Overall plume width.

from the single-holesdecreases.This means that the aero-ramppro-
duces a signi� cant amount of lateral mixing.

Plume Area
The overall plume area is de� ned here as the total area of the

plume that has an ®mix greater or equal to the stoichiometric value
of ethylene, 0.068. Results from this study are presented in Table 2
for the data taken with an ideal mass � ow level of 36 g/s at station 2,
correspondingto Nq of 3.0 § 0.15 and 2.2 § 0.11 with the aero-ramp
and the single-hole injector, respectively. The overstoichiometric
plume areas are normalized by Au , the area of an isentropically
expanded jet with a static pressure equal to that of the freestream.
The results show that the overstoichiometricplume area of the aero-
ramp injector array is larger than that of the single-hole injector.

Mixing Ef� ciency
The mixingef� ciency31 is representedas “that fractionof the least

available reactant which would react if the fuel–air mixture were
brought to a chemical equilibriumwithout additional local or global
mixing.”23 This means that the local fuel and air are considered
mixed in the rich and lean fuel areas respectively.Here

´m ´
Pm f;mix

Pm f;tot
D

R
®r ½ud AR

®mix½ud A
(4)

where

®r ´
»

®mix; ®mix · ®sl

[.1 ¡ ®mix/=.1 ¡ ®s/]®s; ®mix > ®s (5)

Table 2 presents the results for the sampling station »6Rb from
the center of areas of the two injectors, which show that the mix-
ing ef� ciency value of the aero-ramp injector model is higher than
that for the single-hole injector model. The uncertainty in local
velocity, Mach number, and density were §0.7 m/s, §0.03, and
§0.004 kg/m3.
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Total Pressure Loss Parameter
The total pressurelosseshavebeenquanti� ed using the total pres-

sure loss parameter de� ned by Fuller et al.23 This method simpli� es
the analysisby allowing an assessmentof the losses within the sam-
pling area. This total pressure loss parameter is de� ned as

5 D
R

½u. pt;1 ¡ pt / dA

½1u1 pt;1 As C ½ j u j pt; j A j
(6)

where

As D .¸=®s/A j (7)

Thus, a fuel injector incurring no losses would have 5 D 0. The
results of the total pressure loss parameter for the sampling station
»6Rb from the center of areas of the two injectors are presented
in Table 2. These results show the single-hole injector to have only
slightly lower total losses compared to the aero-ramp injector. At
� rst glance, this may seem counterintuitive,due to the signi� cantly
lower “raw” total pressure losses shown in the total pressurepro� les
in Fig. 7. However, because the total pressure loss parameter is a
mass-averaged quantity, the parameter is not assessed on pressure
alone, but on density and velocity as well. It turns out that the plume
of the single-hole injector has a higher velocity � eld near the jet
plume. This high-velocity � eld signi� cantly offsets the reduction
in the total pressure loss parameter due to the lower total pressure
losses because this would imply a higher mass � ow in the sampling
area.

a) Aero-ramp injector, station 2, _mj;i = 36 g/s, ¹q = 3.0, x/Rb = 6.0

b) Single-hole injector, station 2, _mj;i = 36 g/s, ¹q = 2.2, x/Rb = 6.3

Fig. 15 Enthalpy de� cit factor due to vorticity.

Enthalpy De� cit Factor
The enthalpy de� cit factor was originally de� ned by Tomioka

et al.6 by assuming a total enthalpy equation of the form

ht D [h t; j ® C h t;1.1 ¡ ®/].1 ¡ ¯/ (8)

where ® is the fuel mass fraction and ¯ is the enthalpy de� cit due
to vorticity effects in the � ow� eld. When constant speci� c heats,
air injection into an air freestream, and that ® is equal to ®mix are
assumed, the mass fraction distribution of the hot- and cold-air in-
jection pro� les are equal.Then one can write the followingequation
for ¯ :

¯ D
®mix.Tt; j =Tt;1 ¡ 1/ ¡ .Tt =Tt;1 ¡ 1/

®mix.Tt; j =Tt;1 ¡ 1/ C 1
(9)

Figure 15 presents the results of using equation (9) for the to-
tal temperature and mixing analogy data at station 2 corresponding
to a nominal distance of x=Rb ¼ 6 downstream from the center of
the injector areas, with an ideal mass � ow level of 36 g/s, corre-
sponding to Nq of 3.0 § 0.15 and 2.2 § 0.11 with the aero-ramp and
the single-hole injector, respectively.For an uncertainty in the mea-
sured temperaturesequal to §2 K and mixing analogyof §0.03, the
calculated uncertainty in the enthalpy de� cit factor was estimated
to be §0.008. From Figs. 15, the locations of maximum total tem-
perature change due to vorticity can be seen as the high and low ¯
regions at and around the cores of the jets. Note that ¯ cores in the
aero-ramp injector pro� le shown in Fig. 15a are a lot higher than
those for the single-hole injector in Fig. 15b, whereas the low ¯ re-
gions around the injector cores are lower in the single-hole injector
pro� le. The high (C) and low (¡) de� cit factor regions correspond
physicallyto regionsof cooler and warmer total temperaturerelative
to the freestream value, respectively.

Conclusions
Experiments were performed to investigate the � ow� eld near a

new aero-ramp injector array. The new aero-ramp injector featured
four holes, compared to the original nine-holedesign, and was com-
pared to a single, low-angled circular injector hole. Both injectors
were exposedto a Mach2.4cross stream.Shadowgraphand surface-
� ow-visualization pictures were taken at various momentum � ux
ratios to help qualitatively understand the nature of the � ows. PSP
and aerothermodynamic probing were done to assess the pressure
losses incurred by the two injectors. In addition, total temperature
measurements were also taken at three downstream locations with
heated air injection to help quantify the mixing capability incurred
by the injector array and compare it to the single-hole injector.

The aero-rampinjectormixed better than the single-holeinjector,
as shown by the mixing ef� ciency values of 30 § 1 and 23 § 1% for
the measurements made at nominally 6Rb downstream of the two
fuel injectors. The decay rate was faster, and the level of the max-
imum mixing analogy concentration for the aero-ramp was lower
than the single-hole injector at all stations measured. The plume
of the aero-ramp had a larger plume area encompassing 42% more
area at nominally 6Rb than the single-hole injector due to lateral
spreading and faster mixing. This was due to the relatively large
cross-stream distance between the individual injector holes. This
large cross-stream distance also caused an overall reduction of the
obtainable penetration height of the aero-ramp injector plume. In
addition, the aero-ramp plume had a higher initial mixing anal-
ogy concentrationcore penetrationheight but was overtakenby the
single-hole injector at the farthest downstream location tested.

The aero-ramp injector showed somewhat higher (10%) local
total pressure losses than the single-hole injector. This was due to
the higher composite angle injection of the aero-ramp array and
the multiple shock structures from the two rows of jets. Although
the local total pressure losses appeared more substantial, the mass-
averagedtotalpressureloss parametershowed the aero-rampto have
only slightly higher overall losses.

The aero-ramp produced large separation zones in front, in be-
tween, and behind the injector jets. This would allow an increased
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opportunity for � ame holding in a high-enthalpy � ow, but might
also create hot spots on the surface near the injector. The cross
spacing of the injector jets and the large separation zones create a
sheltered channel, which could be capitalized on with some type
of ignition aid such as a spark, pilot, or plasma-torch igniter. The
relatively large area of mixed fuel and air between the aero-ramp
plume cores, coupled with the low-velocity region behind the rear
separation zone of the aero-ramp, could provide a suitable region
for � ame initiation and rapid spreading into the jet plume.

Further development of the design of the aero-ramp may include
an array with lower downstream transverse injection angles, with
a closer cross-stream spacing of the jets to reduce blockage. The
size of the separation zones can also be reduced with a decrease of
toe-in angle of the injector jets. This, however, may reduce mixing
performance of the overall injection process. Disregarding the size
of the separation zones, one may opt to increase the toe-in angle,
which may offer increased mixing and penetrationof the aero-ramp
injector jet plume.

The high toe-in angles of the aero-ramps jets are thought to be
the reason for the single, well-formed counter-rotating pair of jet
vortices in the plume. This general behavior has been seen in the
earlier toe-in studies, by Jacobsen et al.25 The high toe-in angles of
the four-holearray are also thought to increasethe mixing ef� ciency
of the main plume and to lift the plume off the wall. Increasing the
mixing ef� ciencywith toe-inthough,shouldnotbe taken for granted
just yet. It was found in earlierCFD studies,21 with a nine-holeaero-
ramp array with a smaller cross-stream spacing, that toe-in of the
outer jets caused the array to mix slower than an array with no toe-in
at all. This seems to be contradictoryto the experimental data taken
in the toe-in study of Jacobsenet al.25 However, the mixing analogy
as de� ned by Eq. (3) did not exist at the time of this study, and an
earlier form was used that did not take into account the distortion
of the concentrationplume due to vorticity.
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