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on a Supersonic Injection Plume
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An experimental study was conducted to investigate penetration and plume expansion enhancement of a dis-
crete low-angled (25 deg) supersonic (M = 1.9) injection into a supersonic (M = 2.9) cross� ow. The enhancement
was achieved by injecting the low-angled jet parallel to a compression ramp. Seven compression ramp con� gura-
tions were studied. The jet-ramp interaction enhancement mechanisms included baroclinic torque vorticity, ramp
spillage vorticity, bulk compression, and the Magnus force. Shadowgraph photographywas used to identify shock
structures. Measurements of mean � ow properties quanti� ed the � ow� eld total pressure losses. Mie scattering
images were used to qualitatively assess the � ow� eld and to quantify the plume size, trajectory, and concentration
decay rate. The results indicated that up to a 22% increase in penetration, a 39% plume expansion ( » mixing),
and a 27% increase in the concentration decay rate, with a corresponding 17% increase in total pressure loss, can
be achieved by injection over a compression ramp as compared with low-angled injection alone.

Nomenclature
Ab = ramp blockage area
Ap = Mie scattering image injectant plume area
D = decay rate [dI ¤/ d(x / d), Fig. 6]
d = injector port minor axis diameter
I ¤ = normalized scattered intensity
peb = effective back pressure
p j = jet exit pressure
Pt0 = undisturbed freestream total pressure
Pt1 = local total pressure
Nq = jet-to-freestreammomentum ratio
x , y, z = Cartesian coordinate system
ym = maximum penetration at x / d D 20, Fig. 5
d = boundary-layer thickness
k = expansion ratio, p j / peb

n y = f[( )jRamp ¡ ( )jNo Ramp]/ ( )jNo Rampg/ (1 ¡ P )
P = total pressure ratio, Eq. (1)

Introduction

T HE developmentof a hypersonicair-breathingpropulsionsys-
tem offers many technologicalchallenges.For example, slow-

ing hypersonic � ow to subsonic speeds for combustion would pro-
duce prohibitively high temperatures. The scramjet alleviates the
requirement to slow the incoming airstream to subsonic velocities.
However,combustionat supersonicspeedsposesits own challenges,
for example,how to manage ef� cientmixing and burningof the fuel
during the extremely short residence time of the working � uid in
the combustor. Thus, the optimization of fuel-injection schemes is
essential to the development of a scramjet propulsion system.
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Several schemes have been employed during the last 30 years to
enhance the penetration and mixing of a gas injected into a super-
sonic stream.1¡12 In an effort to provide a basis of comparison be-
tween studies under diverseconditions,several injectionparameters
and � ow variables have been established. The injection parameters
include injector-to-freestreamratios such as the velocity ratio, mass
� ux ratio, expansion ratio ( k ), and the dynamic pressure ratio ( Nq ).
The expansion ratio is de� ned as jet exit pressure to effective back
pressure (peb) ratio.1,2 Where ramps are involved, a standard set of
geometric parameters arise such as the ramp height to injector port
diameter ratio, the ramp wedge angle, and the angle of sweep of
the ramp vertical sides. The primary � ow variables of concern for
this type of study are the Reynolds-number-basedinjector diameter,
the boundary-layerthickness to injector diameter ratio, and the � ow
total properties.

Perpendicularinjection of an underexpandedsonic or supersonic
jet into a supersonic freestream produces several � ow structures.
The � rst of these is a bow shock produced as the freestream im-
pacts the injection stream tube; in this respect, the injectant acts
as a solid cylindrical body.3 For injector con� gurations where d / d
is on the order of one or more, a separation region and a lambda
shock form slightly upstream of the injector port.2,3 After entering
the freestream, the jet experiences a rapid Prandtl–Meyer expan-
sion (usually assumed to be an isentropic process), surrounded by
a barrel shock.4 A shock normal to the jet path, known as the Mach
disk, terminates the barrel shock, and compresses the � ow to peb.
Before the Mach disk, the injectant and freestream are typically
treated as separate entities; afterward, vorticity and other turbulent
mechanisms induce large-scalemixing between the jet � uid and the
freestream.

Angled injection is a means of reducing total pressure loss. Fur-
ther, low-angle injection has been shown to create a measurable
increase in the overall combustion thrust potential,5,6 as compared
with normal injection.In eithernormal or angled injection,the entry
of the injectant jet into the mainstream � ow can be regarded as a
two-stage process.2 The jet � rst enters the main � ow and remains
relatively intact as it expandsto the height of the Mach disk. Beyond
the Mach disk, the � ow turns coaxial to, and accelerates with, the
main � ow. In the second stage, the jet acts as a coaxial vortex mix-
ing structure. In the near � eld, Nq has been shown to strongly affect
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mixing and penetration. Penetration is enhanced with increasing Nq,
in that the Mach disk is pushed farther out into the freestream;how-
ever, the plume then turns more sharply with the main � ow.2 This
effect was seen to diminish with increasing Nq .2 The initial mixing
rate has been documented to be proportionalto 1/ Nq .7 In the far � eld,
Nq has been shown to have little impact on mixing rates.7,8 A bene� t
from increasing Nq for low injectionangles is a decrease in total pres-
sure loss from the added streamwise componentof jet momentum.8

The effect of the injection angle on near-� eld injectant penetra-
tion and mixing has received surprisingly little attention to date.
However, the available far-� eld results show that the mixing rates
are correlatedby the decay of maximum injectant concentration.As
the angle of injection is increased, holding all other � ow variables
and injection parameters constant, far-� eld mixing rates increase.7

In conjunction with the far-� eld mixing increase, there is an unfa-
vorable increased bow shock strength and total pressure loss.7

Physicalrampshavebeenshownto increasethemixingef� ciency.
Two bene� ts are realizedby injectingthrougha ramp. First, the ramp
provides signi� cant vortex generationfor mixing and penetrationof
the injectant jet. Second, behind the rear surface of a ramp is a rela-
tively slow-moving recirculationzone, which would act as a � ame-
holder in a combustor.The ramps exploredso far have relativelylow
wedge angles, ranging from 9.5 to 10.3 deg.8¡12 The injectant jet
usually exits normal to the rear face at the wedge angle. Though the
genericunderexpandedjet structuresarepresent,thereare additional
ramp base effects, includingmultiple three-dimensionalshocks and
expansions,which impact the � ow structure.This region of the � ow
is highly three dimensional and turbulent; not all of the interactions
and � ow mechanics have been completely mapped or explained.
Beyond the ramp base, the plume shape becomes somewhat similar
to that of a low-angled injection, with the exception of a stronger
vortex pair.

Regardless of the injection scheme employed, vorticity is the
drivingmixing mechanismin the near � eld.3 In transverseinjection,
a streamwise counter-rotating vortex pair within the jet plume is
generated by viscous shearing around the periphery of the jet as
the freestream� uid wraps around the plume near the injection port.
The pressure differential across the emerging and turning jet that
produces downstream entrainment also adds to the strength of the
counter-rotatingvortex pair within the plume.

For ramp injection, the primary vortex generation comes from
the ramp, not the injectant plume, where pressurized � uid in the
shock layer between the ramp bow shock and compression face
spills around the ramp, creating streamwise vorticity.9,10 Additional
vorticity is imparted by the pressurized � ow expanding over the
rear face of the ramp and wrapping around the low-pressure re-
gion encircling the underexpanded jet plume.11 Side-wall sweep
has been shown to increase vorticity and combustion ef� ciency.9,12

A � nal ramp-inducedvortexmechanismis baroclinic torque created
by passinga shock through the jet and differentdensity surrounding
cross� ow.5

Once the counter-rotatingvortex pair is generated, it becomes the
dominantmixing mechanismin the near � eld.3,5 For both transverse
and ramp injection,the cross-sectionalview of the developedplume
remainsnominallycircular,with a kidneybean13 or cardioidalstruc-
ture forming around the vortex cores. At some point in the down-
stream � ow, mixing becomes dominated by small-scale turbulence
as the vortex strength is dissipated. Hollo et al.3 found this length
to be about 10d for tandem normal injectors in Mach 2.0 � ow; this
distance would increase for lower injection angles and higher ve-
locities.Vorticity also has an effect on penetration,where the vortex
pair provides a liftoff from the near wall as a result of a Magnus
effect.5,10

The primary focus of this study was to experimentally examine
the potential increasesin near-� eld penetrationand mixing of a low-
angled injection into a supersonic cross� ow by placing a physical
ramp justdownstreamof the injectionport.The interactionsbetween
the counter-rotating vortex pair and the ramp surfaces provide a
means to passivelycontroltheplumestructure.For thepresentstudy,
a Mach 1.9 underexpandedsupersonic airjet was injected at 25 deg
into a Mach 2.9 air freestream.Figure 1 shows the basic geometryof

Table 1 Freestream � ow conditionsa

Condition M P , kPa T , K U , m/s k Nq

Freestream 2.9 6.9 110 610 —— ——
Injector 1.9 47.6 170 490 3.5 2.8

aNominal 2.0% variation in the � ow total conditions.

Fig. 1 Schematic of wind-tunnel setup (not to scale).

the present injector–ramp con� guration. In the present study, seven
different penetration and mixing enhancement (PME) ramps were
investigated.

Facilities
All tests were performed in a supersonic wind tunnel located at

Wright–Patterson Air Force Base. The freestream Mach number
was 2.88 § 0.03, and the total pressure and temperaturewere main-
tained at 203 § 3.0 kPa and 294 § 2 K, respectively.The freestream
Re/m was 17 £ 106 . The freestream turbulent kinetic energy was
0.03% of the freestream mean speci� c kinetic energy. The test sec-
tion was 6.35 £ 6.35 cm in cross section. The transverse injector
model was mounted into the tunnel ceiling as shown in Fig. 1. For
the present study, air was injected at 25 deg, through a Mach 1.9
convergent–divergent conical nozzle into a freestream of air. The
coordinate system is also de� ned in Fig. 1. A complete description
of the injector is given in Ref. 14. The exit port was elliptical with
a 3.9-mm minor axis (d ) and a 9.1-mm major axis. The injector to-
tal pressure and temperature were maintained at 314 § 3.0 kPa and
294§ 2 K. The freestream boundary-layer thickness at the injector
port (without injection) had a height of 1.6d . Table 1 summarizes
the � ow conditions for the present study.

Penetration and Mixing Enhancement Ramps
The PME ramp-injectionscheme was devised to capitalize on in-

herentplume features(speci� cally, thecounter-rotatingvortexpair),
to provide a passive means to control the plume structure. The ba-
sic idea was that the solid boundary of the PME ramp compression
face would delay the turning of the plume; thus, enhancingpenetra-
tion as well as increasing the vertical height so that the freestream
would be able to add more vorticity to the plume. The solid bound-
aries and the plume vortex pair should also couple to increase pen-
etration via the Magnus force. Additionally, as the freestream � uid
wraps and recompresses around the jet, a region of high pressure
should be created between the jet plume and the ramp compression
face (bulk compression), which would increasepenetration.The in-
creased streamwise vorticity created by the PME ramps provide a
means to enhance near- and far-� eld mixing. The shocks and ex-
pansions generated by the ramps also provide a mechanism, the
baroclinic torque, to control the plume vorticity and mixing. As an
additional bene� t, it is also conceivable that the ramps could be
designed to produce a high-pressure recirculation region with near
stoichiometric fuel–air mixture for � ameholding.

The threePME rampgroups(symmetric,extended,andasymmet-
ric), de� ned in Fig. 2, were examined.A no-ramp injectioncase was
included for comparative purposes. The leading-edgecompression
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Fig. 2 PME ramp geometry schematics (not to scale): a) symmetric,
b) extended, and c) asymmetric ramps.

face for each ramp matched the 25-deg jet exit angle, and the ramps
were positioned just downstream of the injector exit port; it was
assumed that these two measures would minimize the strength of
the ramp-generated shocks, thus, minimizing the increased total
pressure loss (wave drag) created by the ramps. In addition, in high-
enthalpy � ows, this injection scheme could also provide effective
� lm cooling of the ramps, which otherwise might not survive the
harshcombustorenvironment.The present ideologymay not lead to
the optimum fuel-injectionscheme; ramp positionand leading-edge
compression angle may also be important design parameters. Fur-
ther, if the ramps are positionedsomewhat fartherdownstream, they

may also be usefulpenetrationand mixing enhancementdevices for
physical ramp injectors. However, the scope of the present study
was limited to the con� guration shown schematically in Fig. 1.

The symmetric ramps (group I) are shown in Fig. 2a. The double
diamond, double cone, and double ramp each presented a progres-
sively broader surface for the bulk compression and Magnus force
penetration and baroclinic torque vorticity-generated mixing en-
hancement. Each ramp in this group generated a different-shaped
shock, which generateda different level of baroclinic torque vortic-
ity. Similar to the shock effect, each model in the symmetric ramp
group also produced a different-shaped corner expansion, which
also in� uenced the baroclinic torque-generatedvorticity.

The extendedramps (group II), depictedin Fig. 2b, were designed
such that the injectant plume and freestream would pressurize the
upper surfaces of the PME ramp, and induce the spillage-generated
vorticity. In addition, the ramp extensions produced a weaker ex-
pansion as compared with the symmetric ramps (discussed in the
next paragraph). Further, the solid extensions provided a barrier to
inhibit migration of the plume back toward the injection wall. Any
impingementof theplume on theextensionwas expectedto generate
Magnus force lift from the plume vortices.

The asymmetric ramps (group III) consisted of the wide and nar-
row asymmetric ramps shown in Fig. 2c. Similar to the extended
ramp group, spillage-generatedvorticity was expected to enhance
the transverse injection vorticity. The principal difference between
this group and group II was the absence of the extended trailing
edges. Thus, the in� uence of the expansion strength as compared
with thegroupII ramps was evaluated.The differentanglesof sweep
on the ramp sides allowed for an assessmentof ramp-generatedvor-
ticity on the plume properties.

Because of space constraints, the � ow� eld descriptionspresented
in this paper are con� ned to the three ramp con� gurations that pro-
duced the most profound affect on the plume cross-sectional area.
The three con� gurationschosen were the double, tapered, and wide
ramps (see Fig. 2). Because each of the three ramp classi� cations
is represented by one of the three chosen ramps, only describing
the results for the three indicated ramps is not considered a limi-
tation. Performance results for all seven ramps are presented here,
and detailed � ow� eld analyses for all seven are given by Wilson.16

Instrumentation and Data Analysis
Instantaneousshadowgraph images were obtained using a xenon

10-ns pulse system. The images were recorded on Polaroid type 57
� lm. Conventional pitot and 10 deg § 0.03 deg semivertex angle
cone-static probes were used to measure the local Mach number
and total pressure. The Mach number was computed from the mea-
sured cone-staticand pitot pressureby using the Rayleigh–pitot for-
mula and Taylor–Maccoll conical � ow theory.14,15 Contours were
obtained at x / d D 20, by making vertical traverses across the test
section from y/ d D 0.4 to 11.5. The pro� les were acquired at 29
stations (0.164 cm apart), covering a z/ d range from ¡5.6 to 5.6.
The probes were traversed at 10 mm/s. The data were sampled at
400 Hz, and 40 point averages were computed.

The total pressure ratio Pt1/ Pt0 was computed for each model.
For comparativepurposes,the ratio of the averagetotal pressureloss
across the test section for each injector ramp model was normalized
by that of the no-ramp transverse injection. A total pressure loss
parameter was then de� ned as

P D (Pt1/ Pt0)/ (Pt1/ Pt0)NR (1)

where an average value was computed over the measurement do-
main. Accounting for probe location, transducer calibration, and
number of samples indicated a 3.0 and 13.0% uncertainty in the
Mach number and total pressure, respectively. Because 1250 sam-
ples (across the plume) were used in the evaluationof the total loss
parameter [Eq. (1)], the uncertaintywas expected to be signi� cantly
lower than the 13% for the point measurement. Assuming that the
variance was equal to the product of the percent uncertaintyand the
mean estimate, the 99% con� dence intervalwas calculatedas 1.0%.

The digital two-color particle image velocimetry system de-
scribed in Dasgupta et al.17 was used to obtain the Mie scattering



WILSON, BOWERSOX, AND GLAWE 435

images. Two Surelite Nd:YAG lasers and a single Raman cell were
used to produce 532-nm (green) and 607-nm (red) wavelength laser
beams. A cylindrical lens was used to produce the laser sheet. The
width of the laser sheet had an hourglassshape,where the maximum
thickness at the top and bottom of the wind tunnel was measured
as roughly 0.7 mm, and the waist thickness was estimated as 0.3
mm. The pulse duration of each laser was 10 ns. The two lasers
were pulsed 300 ns apart at a rate of 10 Hz. A Kodak Model 460C
charged coupled device camera, with a Nikon N90 lens, was used
to capture the images. The jet � ow was seeded with triethylenegly-
col smoke particles that were generated with a Dantec brand fog
generator. The fog generator produced a polydisperse particle dis-
tribution, where the particle diameters are generally accepted to be
2–4 l m. Because of the complex dependency of Mie scattering on
particle size and viewing angle, it is conservatively expected that
only the larger particles were imaged. Hence, the present quantita-
tive analysis was restricted to measuring the peak mean penetration
and cross-sectionalarea. In addition, an analysisof the intensity de-
cay rate was also performed to qualitativelyassess relative changes
in the mixing rates.

For the instantaneousimages, thecameraexposuretime was set to
0.125s, with an f -stop settingof 5.6, and thus,one 10-nspulse from
each laser was captured. The time-averaged images were obtained
by setting the exposure time to 4 s, at an f -stop of 16, and capturing
80 pulses (40 from each laser) on a single image.

Images were obtained both parallel and perpendicular to the jet
� ow. The parallel-orientedlaser sheet was aligned along the tunnel
centerline,parallel to the x – y plane, and sized to cover 6.5 cm mea-
sured from the front lip of the injectornozzleexit. The laser intensity
was visibly uniform from just in front of the injector port to 16d
downstreamof the injector (4d upstream of the mean � ow measure-
ment plane). For the cross� ow-oriented images, the laser sheet was
oriented perpendicular to the � ow at the same axial position as for
the mean � ow measurements, and the camera was situated 26-deg
off-axis.

Visual estimates of the maximum penetration (ym ) pro� le and
digital measures of the jet intensity decay rates were acquired from
the mean side-view images. The outermost visible plume edge was
used to de� ne the maximum penetration.The peakpenetrationmea-
surements were hindered by the low-intensity, oscillatory nature
of the outermost plume edge. The peak-to-peak oscillations were
measured as roughly 5% of the peak penetration.Hence, the uncer-
tainty in the maximum mean penetration was estimated, based on
this analysis, as 5%. The uncertainty with the measurement device
was negligible (< 0.5%) compared with the plume edge oscilla-
tions. It is also noteworthy that the mean penetrationmeasurements
were repeatable on a photograph-to-photograph comparison to
within 2.0%.

To qualitatively assume that the intensity decay rates were pro-
portional to injectant concentration decay rates, it was necessary
to assume that the concentration decay rate caused by the plume
spreading dominated over the mean density change as a result of
the acceleration of the jet. This assumption was reasonably away
from the jet exit, where the static pressure and total temperature
were roughly constant and the velocity change was relatively mild.
Hence, the concentration decay rate estimates were limited to an
x / d range of 5.0–16.0. The results were arbitrarily scaled to 1.0
at the � rst data point. Again, because of the larger seed particles
not tracking the small-scale motions and the preceding assumption,
the intensity concentration decay rate analysis provided qualitative
insight only.

Plume areas and maximum penetration at x / d D 20 were esti-
mated from the cross-sectional images by assuming an elliptical
cross section and visually measuring the major and minor axes.
For performance-enhancementassessmentpurposes,it was assumed
that the mixing rateswould roughlyscalewith the plume area.As for
the case of side images, the � uctuations noticed in the plume edge
de� nitions were estimated as 5% of the plume dimension. Hence,
the estimated uncertainties based on this analysis were 5 and 10%
in the peak penetration and plume area, respectively. The plume
area and maximum penetration measurements were repeatable to

within less than half of the measurement uncertainty,5.0 and 2.0%,
respectively.

Results and Discussion
Shadowgraph Flow Visualization

Figure 3 presents composite shadowgraphs for the no-ramp,
double-ramp, tapered-ramp, and wide-ramp � ows. A strong bow
shock was created as the plume entered the freestream (located just
below the ceiling boundary layer and slightly ahead of the injection
point). For all four cases, the plume bow shock started at an angle of
»33 deg, and then bent over to approximately25 deg by the middle
of the test section.All three ramps (Figs. 3b–3d) created a compres-
sion shocksystem that coalescedwith the plume bow shocknear the
vertical midpoint of the test section. The angle of the compression
shock structures was »35 deg. As expected, the double ramp cre-
ated the strongest shock structure. The � ow recompression shocks
are also visible on each of the four shadowgraphs,where again, the
two-dimensional double ramp produced the strongest shock. The
shadowgraphs indicated that all of the downstreamramps produced
only weak additional shock structures, and thus, minimal increases
in shock-induced total pressure loss as compared with the no-ramp
case.

Mie Scattering Flow Visualizations

The Mie scattering instantaneous side, time-averaged side, and
time-averagedcross-sectionalviews for the four injector con� gura-
tions are shown in Figs. 4a–4d. The instantaneousside-viewimages
depict the large-scale vortical structures just beyond the fold over
the region where the jet bends to be coaxialwith the freestream.The

a)

b)

c)

d)

Fig. 3 Shadowgraph photographs: a) no ramp, b) double ramp,
c) tapered ramp, and d) wide ramp.
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a)

b)

c)

d)

Fig. 4 Mie scattering images (left to right) of instantaneous streamwise, average streamwise, and average cross-sectional views for a) no-ramp,
b) double-ramp, c) tapered-ramp, and d) wide-ramp � ow models.

ramps seem to have reduced the organized nature of the large-scale
structures seen in Fig. 4a. The large-scale motions and jet-plume
unsteadiness become apparent when the mean and instantaneous
side-view images were compared. The injector barrel shock region
is also visible in the time-averaged side views for all four con� g-
urations, where the presence of the ramps moved the Mach disk
upstream as compared with the no-ramp case.

Recall that the ramp angles were designed to match the injection
angle, and that increasedpenetrationwas expectedfrom the Magnus
force and bulk compression. The apparent separation between the
plume and the ramp compression faces, noticeable in the instanta-
neous and time-averaged side-view images, indicated that liftoff,
and thus, increased penetration, was indeed created by the ramps.
The visually extractedmaximum penetrationheights from the mean
Mie scatteringside-view images con� rmed that the penetrationwas
enhanced (see Fig. 5). The � rst group of data points (x / d < 16)
were obtained from the mean side-view Mie images, and the last
data point (x / d D 20) was measured from the cross-sectionalview.
As can be seen, all of the ramps increased the centerline penetra-
tion, where the double ramp produced the deepest penetration (22%
increaseover the no-rampcase at x / d D 20). As mentionedin the In-
strumentation and Data Analysis section, the estimated uncertainty
for the penetrationplots are nominally5%. Hence, the differencesin
the peak penetrationare roughly twice the uncertainty.The slopes of
the logarithmic curve � ts were larger for each of the three ramps as
compared with the no-ramp case, which indicated the potential for
increased far-� eld penetration.The x / d D 20 penetration measure-
ments for all seven ramps are summarized in Table 2. A complete
discussion of the data summarized in Table 2 is given in the Perfor-
mance Comparisons section.

Peak concentrationdecay rates have often been used to compare
the mixing ef� ciency of fuel-injectionschemes. The qualitative es-
timates of the average plume centerline (z/ d D 0) intensity, as es-
timated from the time-averaged side-view Mie images (Fig. 4), are

Fig. 5 Maximum penetration x/d (5.0% measurement uncertainty).

plotted vs x / d in Fig. 6. As indicated in Fig. 6, the average center-
line intensity decreasedmore rapidly with the ramps present.Using
the slope of a linear � t as a qualitative indicator of increased decay
rates, the double ramp produced the largest increase in the decay
rate (27% increase over the no-ramp case). The slight increase in
the no-ramp injection at x / d D 6 was the result of the barrel shock
region,where the intensitywas slightly lower, extendingslightlyfar-
ther downstream for this case. The decay rates for all seven ramps
shown in Fig. 2 are given in Table 2.

As the sample set of cross-sectional images in Fig. 4 indicates,
the presence of the ramps also had a profound impact on the plume
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Table 2 Injector performance parameters

Injector Groupa Ab / d2 NPt1 / Pt0 P A p / d2 ym / d D n y n A n D Vorticity

No ramp —— —— 0.81 1.00 23.0 5.4 ¡0.049 —— —— —— Strong
Double rampb I 18.8 0.67 0.83 32.0 6.6 ¡0.062 1.3 2.3 1.6 Weak
Tapered rampb II 14.1 0.69 0.85 28.0 6.2 ¡0.060 1.0 1.4 1.5 Strong
Wide rampb III 14.1 0.71 0.88 29.0 6.2 ¡0.052 1.2 2.2 0.5 Strong
Double diamond I 9.4 0.78 0.96 25.0 6.0 ¡0.051 2.8 2.2 1.0 Strong
Double cone I 14.8 0.74 0.91 28.0 6.2 ¡0.058 1.6 2.4 2.0 Strong
Truncated ramp II 15.3 0.74 0.92 26.0 5.9 ¡0.054 1.2 1.6 1.3 Strong
Narrow ramp III 11.8 0.71 0.88 26.0 6.2 ¡0.052 1.2 1.1 0.5 Strong

aSee Fig. 2. bThree ramps highlighted in this paper.

Fig. 6 Qualitative estimates of the centerline average intensity.

cross-sectional size and shape. The cross-sectional images clearly
depict the expected cardioidal shape of the plume. Using the car-
dioidal shape of the plume as a qualitative indication of the vortex
pair strength, it was apparent that the vorticity was strongest for
the tapered ramp case and weakest for the double-ramp injector.
This trend suggests that the ramp sweep increased the vorticity, as
expected. The reduced vorticity for the wide ramp indicates that
the expansion generated at the ramp apex strongly in� uences the
vorticity transport through the baroclinic torque, where the expan-
sion strength was expected to be weaker for the tapered ramp. The
Mach number contours discussed next enforce the plume vortic-
ity trends. The plume area was visibly larger for all three ramps as
comparedwith the no-rampcase,where the double-rampplume was
the largest (a 39% increase over the no-ramp plume) at x / d D 20.
Even though the double ramp demonstrated superior mixing, i.e.,
the largestplume, at x / d D 20, the wide and tapered ramps were de-
signed to increase the vorticity, and thus, the far-� eld performance.
Based on previous comparisonsbetween physical ramps and � ush-
wall injectors (discussed in the Introduction), where vorticity was
shown to be the driving mixing mechanism, it is expected that the
far-� eld performance (x / d » 100) of the wide and tapered ramps
will be better than that of the double-ramp. The estimated plume
areas for all seven ramps are summarized in Table 2.

Mach Number Contours

The Mach number contours at x / d D 20 for the no ramp, double
ramp, tapered ramp, and wide ramp are presented in Fig. 7. The
contours are oriented such that the � ow is into the page and the
injector is located at the bottom.

The Mach number contourplot for the simple transverseinjection
case is shown in Fig. 7a. The expectedplume and � ow structuresare
observable in the contour plots. The plume is readily discernible at
the bottom-centerof the plot. The contourplot shows that the plume
had the roughly circular shape seen in cross-sectional Mie images
(Fig.4a). Insidetheplume, the twin coresof thecounter-rotatingvor-

tex pair are clearly visible in the Mach contour. Outside the plume,
the secondary conical recompression shock is visible, encircling
the plume as an arching structure that peaks at about y/ d D 6.0. The
large arcing structure centered near (y/ d, z/ d) D (10, 0) is the bow
shock that was created by the injection plume. The structure seen
spreadingfrom y/ d of »7.0–11.0 at z/ d of §5.6 is the plume shock
side-wall boundary-layer interaction. The tunnel ceiling boundary-
layer height (along the bottom of the plot) varied from »y/ d D 1.6
at the outside edges to y/ d D 1.0 in the plume area.

The Mach number contour plot for the double ramp is given in
Fig. 7b. The vortex core of the double ramp differed substantially
from the simple transverse injection. The plume core region ap-
peared to be more like a single stream tube into the page rather than
the usual twin vortex core system. Apparently, the two-dimensional
shock and expansion waves from the double ramp caused a break-
down of the vortex structure. As expected, the double-ramp shock
had a relatively� at midsection,and steeper slopedsides. The horse-
shoe vorticesgeneratedby the double ramp are clearly noticeable in
the boundary layer near z/ d D §1.0. The downstream recompres-
sion shock is noticeable as the weak arching structure centerednear
y/ d D 7.0, z/ d D 0.0.

The Mach number contour plot for the tapered ramp is given
in Fig. 7c. The apparent large strength of the plume vortices was
the product of the vorticity generated by spillage over the ramp
compression face. As the � ow travels to the end of the tapered
extension, the narrow trailing edge effectively drove the vortices
into each other, resulting in a narrow separation. The tapered ramp
recompression shock was substantially more rounded than that of
the double ramp. Overall, the � ow structures depicted in the Mach
number contour for the wide ramp (Fig. 7d) are somewhat similar
to those of the tapered ramp, with the exception of the larger and
more widely plume vortices of the wide ramp. This result indicates
that as the � ow spills around the tapered ramp, it travels parallel to
the taper. Thus, the two plume vortices impacted with each other
at the trailing edge, resulting in vertical trailing-edge shocks and a
more compact plume as compared with the wide ramp.

The total pressure contours were computed, using the normal
shock relations, from the data in Fig. 7 and the pitot pressure data.
The contours were qualitatively similar in structure to the Mach
number contours, and hence, they were not reproduced here. The
average total pressure loss [Eq. (1)] are included in Table 2, and
discussed in the next section.

Performance Comparisons

The previous sections indicated that the presence of the ramps
signi� cantly increased the penetration and mixing of the jet plume
within the high-momentum freestream. Throughout the analysis of
the data, a number of parameters were selected to use as a basis of
comparison between the injector con� gurations. The ramp geome-
try (size and shape) had a major impact on the plume structure.The
average total pressure loss [Eq. (1)] was used to assess the losses
associated with each model. Because the jet and tunnel � ow total
conditions were held constant to within 2.0%, it was assumed that
an increasedplume cross section indicatedan increase in freestream
air within the plume, which would result in an increased potential
for turbulentdiffusion.Thus, basedon this simplisticmodel, mixing
ef� ciency was assumed to scale with the plume area, as estimated
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a) b)

c) d)

Fig. 7 Mach number and total pressure contour plots (x/d = 20): a) no ramp, b) double ramp, c) tapered ramp, and d) wide ramp.

from the mean Mie scattering images. The centerline average seed
concentration decay rate was assumed to be representative of the
plume maximum, and thus, indicativeof mixing. The ramp geome-
try and estimated performanceparameters for all eight injectors are
summarized in Table 2. The parameters listed in Table 2, proceeding
from left-to-right,include ramp group, ramp blockagearea, average
total pressure loss across the test section, normalized average total
pressure loss, plume area at x/ d D 20, maximum plume penetration
at x / d D 20, mean centerline decay rates, and � gure-of-merit esti-
mates (discussedin thenextparagraph). Vortex strengthis important
for far-� eld mixing;hence,a qualitativeindicationof the vortex-pair
strength (strong or weak), based on the cardioidal structure of the
plume, is listed in the last column of Table 2.

All of the ramps increased the penetrationand plume area, where
the double ramp produced the largest plume and deepest penetra-
tion. On the other hand, all of the ramps resulted in a decrease in
the total pressure, where the double ramp created the largest total
pressure loss. Adding drag to the combustor is a severe penalty in
overall engine ef� ciency that results from adding the ramps to the
combustor.However, theobservedincreasedmixing and penetration
will result in a shorter combustor,which may offset the drag penalty
and increase the overall engine ef� ciency; this will ultimately lead
to a design-optimizationproblem.

To accountfor totalpressureloss in comparingthe ramps,a � gure-
of-merit (n ) was de� ned as the percent change in improvement of
a mixing or penetrationparameter divided by the percent change in
total pressure loss as compared with the no-ramp case. The plume
area, maximum penetration,and decay rate � gure-of-merit data are
summarized in Table 2.

Overall, the symmetric ramps (group I) produced, on the aver-
age, the largest gains in performance at x / d D 20, with the lowest
losses in total pressure. The group I � gure-of-merit data indicate
that if the size of the double-diamondor double-conecross sections
were increased to the point where total pressure loss was equivalent
to that of the double ramp, then the magnitude of the performance
improvement would be comparable. However, it is noteworthy that
the total pressure loss does not necessarily scale with the blockage
area alone; ramp geometry is also important. For example, the ta-
pered ramp had a frontal blockage that was 8.5% larger than that
of the truncated ramp; however, the total pressure loss was 8.2%
lower and the � gure-of-merits were similar. The larger taper angle
of the tapered ramp as compared with the truncated ramp produced
stronger vertical shock waves at the trailing edge of the ramp as
compared with the truncated ramp; hence, the lower total pressure
loss for the truncated ramp was not overly surprising.Based on pre-
viouscomparisonsbetweenphysicalramps and � ush-wall injectors,
where vorticity was shown to be the driving mixing mechanism, it
is expected that the far-� eld performance of the wide and tapered
ramps will be better than that of the double ramp, where again, the
wide ramp had a lower total pressure loss.

Interestingly,thegoodperformancemeasuresnoticedfor thewide
ramp were not shared by the narrow ramp. It is expected that the
reduced size of the leading-edgecompression face signi� cantly re-
ducedthe in� uenceof the rampon the plume dynamics.Even though
the sweep produced spillage-generatedvorticity, the larger taper re-
sulted in a more compact plume. Moreover, the narrow ramp frontal
blockage area was 16% smaller than that of the wide ramp, but the
total pressure loss was the same for the two ramps.
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The data in Table 2 indicate that ramps can be designedto provide
a passivemeans to increasethe performanceof a scramjet fuel injec-
tor, where trades between mixing, penetration, total pressure loss,
combustor length,and weightcan be performed.The jet–ramp inter-
action enhancement mechanisms include baroclinic torque-created
vorticity, ramp spillage-generatedvorticity, bulk compression and
the Magnus force. The structure of the turbulence associated with
the jet � ow, which is strongly dependent on the secondary vortex
motions18 and a key factor in mixing ef� ciency, will also be in� u-
enced by the PME ramps. The data summarized in Table 2 provides
trends that can be used to narrow the design space for more detailed
analyses aimed at ramp optimization.

Conclusions
The primary objectiveof this investigationwas to examine the ef-

fectivenessof downstreamramps to controlthe penetrationand mix-
ing of a supersonic gaseous injection into a supersonic freestream.
Mie scattering � ow visualization, shadowgraph photography, and
conventional mean � ow probes were used to document the plume
characteristics for seven ramps designed to examine speci� c per-
formance enhancement features. The present data indicated that
the interaction between the inherent plume � ow features and the
ramps signi� cantly increased the penetration and plume expansion
(»mixing) of the jet plume; thus, providing a method to passively
control the performance of a scramjet fuel injector. The poten-
tial jet–ramp interaction enhancement mechanisms include baro-
clinic torque-created vorticity, ramp spillage-generated vorticity,
bulk compression, and the Magnus force.

Of the ramps tested, the symmetric ramps produced the best
gains in performance with the lowest decreases in total pressure at
x / d D 20. Based on previous comparisons between physical ramps
and � ush-wall injectors,where vorticitywas shown to be the driving
mixing mechanism, it is expected that, because of the strong vor-
tex pair of the wide ramp, the far-� eld performance will be better
than that of the double ramp, where the vortex pair was destroyed.
The symmetric ramps demonstrated that ramp blockage was an im-
portant factor in determining the performance enhancement and
total pressure loss. In addition, the extended and asymmetric ramps
showed that the ramp geometry also had a large impact on the mag-
nitude of the performancegain and total pressure loss. In summary,
the present PME ramps produced 13–39% increases in total plume
area (»mixing ef� ciency), 9–22% increases in penetration, 4–27%
increases in the average centerline concentration decay rate, and
4–17% decreases in total pressure. Thus, signi� cant performance
improvements were demonstrated where two-to-one gains in per-
formance over total pressure loss (� gure-of-merits) were achieved.
In summary, the presentstudy demonstratedthat downstreamramps
can be used to alter the jet plume characteristics,and the resultspro-
vide trends that can be used to narrow the design space for more
detailed analyses aimed at ramp optimization.
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