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Comparison of Physical and Aerodynamic Ramps
as Fuel Injectors in Supersonic Flow
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An experimental investigation was conducted to compare the supersonic mixing performance of a novel
flush-wall aerodynamic ramp injector with that of a physical ramp injector. The aerodynamic ramp
injector consists of nine flush-wall jets arranged to produce fuel-vortex interactions for mixing enhance-
ment in a supersonic crossflow. Test conditions included a Mach 2.0 crossflow of air with a Reynolds
number of 3.63 X 107 per meter and helium injection with jet-to-freestream momentum flux ratios of 1.0
and 2.0. Conventional probing techniques, including species composition sampling, were employed to
interrogate the flowfield at several downstream locations. Results show that with increasing jet momentum
the aeroramp exhibited a significant increase in fuel penetration, whereas the physical ramp showed no
discernible change. The near-field mixing of the aeroramp was superior to that of the physical ramp;
however, the physical ramp reaches a fully mixed condition at approximately half the distance of the
aeroramp. As the jet momentum was increased, the far-field mixing performance of the aeroramp ap-
proached that of the physical ramp. In all cases the total pressure loss incurred with the aeroramp was
less than that caused by the physical ramp. For both injectors the total pressure loss decreased with
increasing jet momentum. It was concluded that, although physical ramps may provide better far-field
mixing, properly designed flush-wall injection can provide comparable mixing performance while avoid-
ing the practical problems associated with an intrusive geometry in a scramjet combustor.
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flow velocity

species mole fraction

streamwise axis coordinate

fully mixed distance

spanwise axis coordinate

vertical axis coordinate

species mass fraction

maximum helium mass fraction
stoichiometric mass fraction, 0.0292 for H,- air
decay coefficient

uncertainty interval

ratio of specific heats

mixing efficiency

jet-to-freestream mass flux ratio, (pu);/(pu)w
total pressure loss parameter
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Introduction

UPERSONIC injection and mixing enhancement are vital

to the development of a successful hypersonic air-
breathing propulsion system. A successful system will be ca-
pable of providing the thrust required to accelerate an aero-
space plane or missile from supersonic to hypersonic speeds
within Earth’s atmosphere. For flight Mach numbers above 5,
the adverse effects associated with decelerating the flow to
subsonic speeds for combustion prohibit the use of conven-
tional ramjets.' Consequently, the use of supersonic combus-
tion ramjets (scramjets) has been proposed. Scramjet combus-
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tor velocities can be on the order of several thousand meters
per second, resulting in severely restricted fuel residence times.
A primary concern in hypersonic vehicle development is to
limit the engine length and therefore the combustor length
caused by weight, skin friction, and heat transfer considera-
tions. This requires an effective fuel injection scheme that will
produce enhanced mixing and rapid combustion. A typical
scramjet design configuration may include a piloted-flame
combustor system with hydrogen as the main fuel. Although
hydrogen can provide the heat release necessary to produce
sufficient thrust levels, its low molecular weight inhibits fuel
penetration and dispersion. Complex injection schemes have,
therefore, been developed to effectively disperse the fuel for
efficient mixing and combustion, although there usually exists
a tradeoff between rapid mixing and total pressure recovery.
The objective of the present study is to develop a relatively
simple injection scheme capable of providing rapid mixing,
stable combustion, and minimized pressure loss.

The subject of transverse and parallel injection of a foreign
gas into a supersonic crossflow has been studied extensively
in the past.>” ' A comprehensive review of the mixing of trans-
verse jets and wall jets in supersonic flow has been presented
by Schetz et al.'"' Mays et al.'* studied the effects of low-angle
injection into a supersonic flow. It was shown that, as the in-
jection angle decreases, the near-field mixing also decreases.
However, this decrease in mixing is accompanied by a desir-
able reduction of total pressure loss. In the far field, injection
angle was found to have little effect on the overall mixing.
Fuller et al." extended this work to include injector yaw as
well as low transverse angle. It was observed that, although
injector yaw did not increase the rate of decay of maximum
fuel concentration, it did cause an increase in the overall in-
jectant plume cross section, thus increasing the size of the
mixing region. In both studies it was shown that a matched
pressure injection condition produced greater fuel concentra-
tion decay rates than underexpanded injection.

It has previously been postulated and shown that mixing
enhancement may be achieved through the addition of three-
dimensional vorticity. Based on experiments performed in the
subsonic and transonic regimes, Swithenbank and Chigier'
proposed that substantial increases in supersonic mixing rates
might be obtained by introducing a swirling motion to the fuel.
It was postulated that the increase in fuel-air mixing rates
would result from the creation of radial and axial pressure
gradients in the swirling flow. Povinelli et al.'” investigated the
penetration and spreading of helium injected into the vortex
pattern generated by a delta wing in a Mach 2 airstream. Re-
sults were compared to a flat-plate injector with the same pro-
jected frontal area and angle of attack. It was concluded that
the vortex motion generated by the delta wing injector led to
substantial increases in the penetration and spreading rates of
the injected fuel. In a subsequent study, Hersh and Povinelli'®
obtained similar results for fuel injected into a counter-rotating
vortex structure also generated by delta wings. Although these
studies demonstrated the effects of swirl on penetration and
spreading in a supersonic flow, no experimental data confirm-
ing accelerated mixing rates had been produced. In fact, stud-
ies later conducted by Povinelli and Ehlers"” and Schetz and
Swanson'® concluded that, for coaxial jets in supersonic flow,
jets with swirl produced no discernible effect on mixing com-
pared with nonswirling jets. However, it is suspected that the
swirl number employed in those studies was too small to create
radial and axial pressure gradients sufficient for mixing en-
hancement. The experimental investigation of Tillman et al."”
concluded that the axial vortex mechanism previously shown
to be responsible for rapid mixing in low-speed, subsonic flows
can be effective in the supersonic jet environment. Naughton
et al.”® also conducted an experimental study of the effect of
streamwise vorticity on supersonic turbulent mixing. A Mach
3, streamwise vortex was generated using a strut-mounted
swirl injector exhausting into a Mach 3.5 freestream. Results

were compared with a baseline, swirl-free jet. It was found
that, with the addition of streamwise vorticity, increases in
mixing rates of up to 34% are possible.

Much attention has been given to mechanisms leading to
enhanced mixing through the interaction of shock waves with
fuel- vortex structures. Marble et al.* first proposed the mech-
anism of shock-induced vorticity generation for supersonic
combustion. It was argued that the interaction of a shock wave
with a jet of light gas surrounded by an ambient heavy gas
would generate vorticity around the perimeter of the jet. This
vorticity is caused by the baroclinic torque mechanism that
results from a misalignment of the pressure and density gra-
dients at a point in the flow. An excellent review of this process
was given by Waitz et al.,” and a detailed model was presented
by Yang et al.” Marble et al.** later showed that this phenom-
enon can lead to a considerable enhancement of the mixing
process. They also concluded that some mechanism for desta-
bilizing the vortex must be incorporated into the injector de-
sign to ensure complete mixing of the light gas with air. This
agrees with the proposal of Naughton et al.*® that a streamwise
vortex can enhance supersonic mixing if the vortical flow is
passed through a shock wave of sufficient strength to cause
vortex breakdown. Metwally and Settles™ showed that a strong
shock- vortex interaction leading to vortex breakdown is char-
acterized by unsteady upstream shock propagation, apparent
flow recirculation, and the appearance of a recompression
shock downstream. It was reasoned that such behavior should
lead to increased turbulence levels downstream, and therefore
enhanced fuel- air mixing.

Numerous investigations™ *' examined wall ramp injectors
as a viable means of providing enhanced fuel-air mixing.
Ramp designs attempt to make full use of the various mixing
enhancement mechanisms previously discussed (Fig. 1). The
ramps provide vortex shedding off the edges and a local sep-
aration at the base. The fuel is injected through the base and
into the counter-rotating vortex pattern. This situation creates
a very dynamic mixing distribution. Furthermore, the ramp
shock will reflect from the opposite wall of the combustor and
impinge on the fuel- vortex structure, resulting in possible vor-
tex breakdown and further enhancement of the mixing process.
The reflected shock also produces baroclinic torque where it
intersects the plume, and thus results in additional vorticity
production. Finally, the recirculation zone occurring from flow
separation at the base of the ramp, like a rearward-facing step,
will act as a flame holder. The major drawback to this design
is its dependency on maintaining pristine geometry in the ex-
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Fig. 2 Aeroramp injector model.

tremely harsh environment of a high-enthalpy scramjet com-
bustor. Its physically intrusive nature will necessarily create
hot spots, with temperatures exceeding the thermal limits of
most practical materials. Furthermore, the added drag and loss
of thrust potential resulting from its intrusive presence may be
unacceptable in certain engine design configurations.

The results of the previous studies were the basis for de-
velopment of the novel injector design concept by Cox et al.*
given the name aerodynamic ramp, or simply aeroramp. Pre-
liminary results for the aeroramp were first presented by Cox
et al. after an investigation involving both experiments and
computational fluid dynamics. This injector design consists of
a three-by-three array of closely spaced, flush-wall jets with
compound injection yaw angles (Fig. 2). The jets were geo-
metrically arranged so as to generate multiplicative fuel-
vortex interactions that will lead to enhanced mixing. These
fuel- vortex interactions were to include skew-induced vortex
generation, shock-induced vortex generation, and vortex
breakdown, all of which have been shown to be effective mix-
ing enhancement mechanisms. Furthermore, the flush-wall de-
sign coupled with low-angled injection avoids the excessive
pressure loss, drag, and hot spots associated with conventional
vortex generators.

The objective of the present study was to assess the perfor-
mance of the aeroramp by comparing it to a physical ramp
injector known to provide enhanced mixing in supersonic flow.
Tests on both injectors were conducted under the same flow
conditions within the same facility. The flowfields generated
by each injector were analyzed and described in detail. An
array of performance indices were computed to quantify the
mixing characteristics of each injector. Finally, two new figures
of merit, including a method for the quantification of total
pressure loss, were developed.

Experimental Methods

Facilities

The Supersonic Combustion Facility of the Aero Propulsion
and Power Directorate at the U.S. Air Force Research Labo-
ratory, Wright- Patterson Air Force Base, was used for all of
the experiments described here. Complete details regarding
this facility have been presented by Gruber and Nejad.” This
facility is a continuous-running, open-loop supersonic wind
tunnel with a rectangular test section measuring 12.7 cm high,
15.2 cm wide, and 76.2 cm long. A series of compressors ca-
pable of providing up to 15 kg/s of air, with total pressures
and temperatures up to 4.9 MPa and 920 K, respectively, sup-

ply air to the facility. A massive exhaust system lowers and
maintains the backpressure for smooth starting and safe op-
eration.

Physical Ramp and Aeroramp Injectors

The physical ramp injector tested in these experiments is
based on the design concept first introduced by Northam et
al. In the present studies the physical ramp injector (Fig. 1)
has a 10.3-deg compression surface with a leading-edge width
of 40.3 mm, a trailing-edge width of 15.2 mm, and a length
of 71.1 mm. The ramp base is canted at 10.3 deg and contains
a 9.53-mm sonic injection orifice, such that the injection axis
is parallel to the ramp compression surface.

Figure 2 shows the three-by-three array of sonic jets com-
prising the aerodynamic ramp injector model. Each circular jet
passage has a diameter of 3.18 mm and forms an elliptical
orifice at the exit because of the injection angle. The first up-
stream row of injectors consists of three ports with a spanwise
spacing of 9.53 mm, a transverse angle of 15 deg, and no yaw.
The second row of injectors is located 22.2 mm downstream
of the first row, with a spanwise spacing of 7.94 mm, a trans-
verse angle of 30 deg, and respective yaw angles of —15, 0,
and 15 deg. The third row of injectors is located 44.4 mm
downstream of the first row, with a spanwise spacing of 6.35
mm, a transverse angle of 45 deg, and respective yaw angles
of —30, 0, and 30 deg. The injection insert was designed to
be mounted flush with the bottom wall surface of the tunnel
test section.

Test Conditions

Tests were conducted with a Mach 2.0 crossflow of air.
Freestream conditions were fixed at a total pressure of 310 kPa
and a total temperature of 295 K, producing a freestream
Reynolds number of 3.63 X 107 per meter. These conditions
resulted in a turbulent boundary layer with a thickness of ap-
proximately 7 mm at the point of injection. Helium was used
as the injectant to simulate hydrogen fuel; § was set at either
1.0 or 2.0, as indicated. Recall that 4 is defined by

g = (pu)l(pu’)e = (YPM>);/(yPM ?).. (1)

Neglecting discharge coefficients for the moment, this corre-
sponded to an injection total pressure of 273 kPa for § = 1,
and 545 kPa for ¢ = 2. For all cases the injectant total tem-
perature was an ambient condition and was, on the average,
approximately 295 K.

It was decided that in a real scramjet combustor the physical
size of the injector is important; therefore, the origin should
be placed at the first point of interaction with the mainstream.
If an injector requires a very long length prior to the point of
injection, there will be a penalty in the delay of mixing. There-
fore, a right-handed, Cartesian coordinate system was chosen,
with the origin placed at the leading edge of the injector on
the wall surface along the test section centerline (Figs. 1 and
2). The positive x axis was in the freestream direction, the
positive z axis was in the vertical direction perpendicular to
the wall surface, and the y axis spanned the test section. All
lengths were nondimensionalized by d.q, defined as follows:

dey = Ci;j j (2)

For the aeroramp injector, d., was used in place of d;. The
equivalent diameter was defined as the diameter of a single
circular orifice having the same area as the combined area of
all nine orifices. This equivalent diameter of the aeroramp was
equal to the single jet diameter of the physical ramp; however,
the effective diameters were slightly different. The injector dis-
charge coefficients for the physical ramp operating at § = 1
and 2 were 0.75 and 0.84, respectively. The injector discharge
coefficients for the aeroramp operating at § = 1 and 2 were
0.89 and 0.92, respectively.
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For the physical ramp injector, probe measurements were
obtained at axial distances of x = 80, 118, 213, 518, and 700
mm. For the aeroramp injector, measurements were obtained
at axial distances of x = 65, 103, 198, 503, and 674 mm. With
g = 1, these distances corresponded to x/der = 9.7, 14.3, 259,
62.8, and 83.6 for the physical ramp, and x/d = 7.2, 11.4,
22.0, 56.0, and 75.0 for the aeroramp. With § = 2, measure-
ments were obtained at the farthest downstream distance only,
corresponding to x/d.; = 79.0 for the physical ramp and x/de
= 73.8 for the aeroramp.

Instrumentation

Species Composition Sampling

Mean species concentration measurements were obtained
using an intrusive sampling probe and gas analyzer designed
specifically for use in supersonic flow. The fundamental con-
cepts of this technique have been presented by Ninnemann and
Ng.* The sampling probe consisted of a small pitot tube with
a conical tip and an internal divergence. This geometry was
used so that an isokinetic sample could be extracted from the
flow. Isokinetic sampling is ensured in supersonic flow by
swallowing the shock into the probe. With a swallowed shock,
there is no flow disturbance upstream of the probe and no
distortion of the stream tube entering the probe inlet. The gas
analyzer consisted of a hot-film sensor operating in a channel
with a pressure tap and a thermocouple. The sample was drawn
into the analyzer using the sampling probe and exhausted out
through a choked orifice. The flow through the channel is of
very low Mach number, typically 0.05. This allows for the
measurement of the total pressure and total temperature within
the sampling channel. The gas analyzer is calibrated to mea-
sure the helium concentration uniquely related to a given pres-
sure, temperature, and rate of heat transfer sensed at the hot-
film operating plane. The absolute measurement uncertainty,
relative to the helium mole fraction, was estimated to be
*0.05.

Aerothermodynamic Probing

Mean aerothermodynamic measurements, P, P. ,, and T,
were performed using a standard set of intrusive probes. This
set included a pitot probe, a cone- static pressure probe, and
a total temperature probe. The pitot probe was a simple round
stainless-steel tube with an o.d. of 3.18 mm and an i.d. of 2.37
mm, forming a capture area of 4.29 mm?> The cone-static
pressure probe consisted of a 3.18-mm stainless-steel tube with
a closed-end, 10-deg half-angle conical tip. The cone had four
pressure taps, each 0.51-mm in diameter, located approxi-
mately 7.44 mm from the cone vertex. These pressure taps
were spaced azimuthally at 90-deg intervals. All taps emptied
into a common chamber to reduce error from flow angularity.
The total temperature probe was based on an original design
of Winkler.” This probe consisted of a 3.18-mm stainless-steel
pitot tube with a ceramic diffuser tip. A type-K thermocouple
with a 0.38-mm bead was mounted within the ceramic diffuser
tip. The diffuser tip had an inlet diameter of 1.60 mm, and two
side vent holes with diameters of 0.51 mm each. Geometries
were chosen such that the flow entering the probe inlet would
be effectively stagnated around the thermocouple bead. This
design yielded a temperature recovery factor of approximately
0.98, with a response time constant of approximately 0.01 s.

These three measurements were combined with species
composition sampling to determine the average aerothermo-
dynamic variables of interest, e.g., M, P, P, T,, T, p, u, etc.
Data reduction consisted of an iterative scheme utilizing the
isentropic flow relations, perfect gas relations, the Rayleigh-
pitot formula, and the Taylor-Mccoll cone flow equation. De-
tails regarding the data reduction have been presented by Ful-
ler et al."* The estimated uncertainties (95% confidence inter-
val) in the reduced quantities are as follows: AP, = =2.8%,
AM = *1.7%, Au = £1.3%, AP = £2.8%, Ap = £3.0%, and
AT = £0.8%.

Results and Analysis

Shadowgraphs

Figure 3 shows the shadowgraph images of the physical
ramp and aeroramp injectors operating with a ¢ of 1.0 or 2.0,
as indicated. The main flow is left to right, and the injector is
at the bottom of the image. The thin shocks crossing at the
extreme left of the images are weak disturbances originating
at the interface between the tunnel nozzle and test section.
Their angle with respect to the freestream is approximately that
of a Mach wave in a Mach 2.0 flow. It is important to bear in
mind that these flows are highly three dimensional; careful
attention must be given when interpreting the shock struc-
tures.

In both Figs. 3a and 3b, the oblique shock wave originating
at the leading edge of the physical ramp is clearly seen. The
angle of this shock is approximately 38 deg, which is slightly
less than the 39.5-deg angle predicted for a 10.3-deg wedge
in a Mach 2.0 flow. This is a result of the three-dimensional
relieving effect. Just downstream of the top edge of the ramp
base, a recompression shock, similar to a lip shock on a rear-
ward-facing step, is observed in both cases. As the flow ex-
pands over the ramp base it encounters the jet plume and must
negotiate an upward deflection, which results in a recompres-
sion wave originating at the fuel- air interface. Farther down-
stream along the fuel- air interface, the shock wave originating
at the upper edge of the jet Mach disk is clearly seen. Note
that the barrel shock and Mach disk may not be clearly iden-
tified in these photographic reproductions. In the case of § =
1 (Fig. 3a), two subsequent compression waves following the
one formed at the upper edge of the Mach disk can be ob-
served. In the case of ¢ = 2 (Fig. 3b), however, only the wave
originating at the Mach disk is observed, although it is stronger
than that observed in the previous case. Various weak shocks
appear in the jet plume. These shocks are presumably outside
the centerline plane and are a result of three-dimensional ef-
fects. (For background on the structure of underexpanded jets
in a supersonic crossflow, see Ref. 3.) Finally, note that the
observed plume height does not change appreciably when ¢ is
increased from 1 to 2. This might be expected, because most
of the jet momentum is in the freestream direction, although
some increase in height should result from a greater expansion
of the jet.

In Figs. 3c and 3d, the jet interaction shocks from the aero-
ramp injector appear as three composite shock structures form-
ing over each of the three rows of jets. In the case of § = 1
(Fig. 3c), the shocks are curved near the wall and become
nearly straight just above the jet plume. The initial angles near
the wall, upstream of the first, second, and third rows, are
approximately 48, 40, and 38 deg, respectively. All shocks
reach a final angle of approximately 35 deg in the field of

Fig. 3 Shadowgraph images of physical ramp with § = a) 1.0 and
b) 2.0 and aeroramp with § = ¢) 1.0 and d) 2.0.
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view. In the case of § = 2 (Fig. 3d), the shocks appear to be
stronger and the jet penetration has increased significantly
compared with the previous case. The shocks are stronger, with
initial angles near the wall upstream of the first, second, and
third rows of approximately 55, 42, and 41 deg, respectively.
Again, all shocks reach a final angle of approximately 35 deg.

Species Composition Sampling

Figure 4 shows the profiles of helium mass fraction at each
of the five stations sampled for the physical ramp injector op-
erating with ¢ equal to 1.0 or 2.0, as indicated. Note that the
contour color scales are not consistent between plots. The min-
imum value indicating the plume boundary is fixed at a mass
fraction value of 0.5%, and the maximum value corresponds
to the local station maximum. This rescaling preserves struc-
tural details of the plume as the mass fractions vary over 3
orders of magnitude. At x/d.; = 9.70 (Fig. 4a) the jet potential
core (e = 1) persists within the plume. On the left and right
sides of the plume there are small triangular structures with
low concentrations of helium. These are the effects of the two
counter-rotating vortices stripping helium away from the sides
of the plume. At x/d. = 14.3 (Fig. 4b) the plume shape has
changed dramatically. The helium has begun to wrap around
the vortices and lift away from the wall surface at the center-
line. At x/d.; = 25.9 (Fig. 4c) the helium has completely en-
veloped the vortex structure, with the maximum concentration
occurring at the centers of the two vortex cores. At x/d. =
62.8 (Fig. 4d) the vortex pattern, along with the fuel plume,
has convected upward into the freestream. The maximum he-
lium mass fraction is still found at each of the centers of the
vortex cores. At x/d.= 83.6 (Fig. 4e) it is clear that the mixing
distribution is no longer dominated by the vortex structure and
diffusive mechanisms have taken over. The overall structure
of the plume is very similar to that observed in the previous
plot, although the overall area of the plume has increased and
the maximum helium mass fraction has decreased. Again, the
maximum helium concentration is located in what remains of
the two vortex cores. In Fig. 4f, § was increased to 2 and the
last downstream plane of x/d.+ = 79.0 was probed. Now, the
plume is much fuller, but there is no discernible change in
penetration height. Furthermore, there is only a single maxi-
mum in the helium concentration, occurring near the plume
center, indicating a weaker effect of the dual-vortex structure
on the mixing distribution. This should be expected, as the
higher jet momentum will tend to lessen the influence of the
vortex structure on the fuel plume at a given axial station.
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Figure 5 shows the profiles of helium mass fraction at each
of the five stations sampled for the aeroramp injector operating
with § equal to 1.0 or 2.0, as indicated. Again, the contour
color scales are varied between plots so as to preserve the
structural detail of the plume. At x/d. = 7.21 (Fig. 5a) three
distinct jet cores appear in the single composite plume pro-
duced by the entire nine-jet array. These jet cores are produced
by the farthest downstream row of jets. The maximum helium
concentration is nearly half of the value produced by the phys-
ical ramp at x/d.x= 9.70, where the potential core still persists.
The diameter of each individual jet comprising the aeroramp
is one-third the size of the physical ramp’s single orifice. As
a result the potential cores of the aeroramp jets will be much
shorter than the single potential core of the physical ramp. This
will result in a substantially larger decay rate of the helium
concentrations in the near field. At x/d.; = 11.4 (Fig. 5b) the
three previously distinct jet cores have merged into a single
core at the center, with the maximum mass fraction occurring
near the wall. At x/d.s = 22.0 (Fig. 5¢) the jet core has lifted
away from the wall and penetrated farther into the freestream.
At x/d.+ = 56.0 (Fig. 5d) the jet core has split into two, leaving
behind a secondary core in the boundary layer. This was orig-
inally identified by Cox et al.”* as the effect of two large
counter-rotating vortices generated by the aeroramp in the very
near field. These vortices induce an upward motion at the cen-
terline, disperse helium outward at the top, and entrain air
inward near the bottom. This results in the apparent bottle-
necking of the plume. At x/d = 75.0 (Fig. 5¢) the plume has
become more rounded, and the two cores that have begun to
merge as diffusive mechanisms now dominate the mixing pro-
cess. In Fig. 5f, § was increased to 2 and the last downstream
plane of x/d.. = 73.8 was probed. As in the physical ramp
case, the higher jet momentum produced a fuller profile; how-
ever, unlike the physical ramp case, the penetration increased
significantly with jet momentum. At this condition, the pene-
tration is nearly the same as for the physical ramp case. Fur-
thermore, the added jet momentum seems to enhance the vor-
ticity generation as indicated by the increased bottlenecking
and separation of the primary and secondary helium cores.

Aerothermodynamic Probing

Figure 6 shows the profiles of total pressure at each of the
five stations sampled for the physical ramp injector operating
with ¢ equal to 1.0 or 2.0, as indicated. In each of the plots
shown, the contour color scales are consistent so that plot-to-
plot comparisons may easily be made. At x/dsw = 9.70 (Fig.
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Fig. 4 Helium mass fraction contours for physical ramp injector: a)-e) § = 1 and f) g = 2.
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Fig. 6 Total pressure contours for physical ramp injector: a)-e) § =1 and f) § = 2.

6a) the effects of the ramp and jet are clearly visible in the
plot. Three local minima occur in the plot, corresponding to
the two vortex cores and the jet core. The local minimum of
total pressure occurring in the jet results from shock losses
through the Mach disk. The outer minima clearly identify the
locations of the two vortices, where the apparent reduction in
total pressure results from a transfer of kinetic energy to the
transverse direction. The ramp shock is not apparent in this
plot because it was above the vertical extent of measurement.
The lip shock, however, can be identified just above the fuel-
vortex structure. At x/dey = 14.3 (Fig. 6b) the losses in the jet
core have been distributed over a larger area encompassing the
plume, and a certain amount of pressure recovery has been
realized. The vortices have retained their strength and position
as indicated by the total pressure. The recompression shock
downstream of the lip shock can be identified over the fuel-
vortex structure. The poor resolution of this shock results from
an undesirable interaction with the cone- static pressure probe,
leading to slight inaccuracies over the range of impingement.
The shock thus appears as a wideband rather than as a discrete
step. At x/d; = 25.9 (Fig. 6¢) the vortex structures have con-
vected upward, carrying the plume with them. At x/der = 62.8

(Fig. 6d) the losses are less concentrated, indicating a dissi-
pation of the streamwise vorticity. At x/d., = 83.6 (Fig. 6¢) the
profile is similar to the previous plot, with smaller gradients
and a larger distribution of losses. In Fig. 6f, § was increased
to 2 and the last downstream plane of x/d.; = 79.0 was probed.
As mentioned in the preceding text, the added jet momentum
tends to lessen the vorticity generated by the ramp. This is
evidenced by the contours, which show only a single core and
less severe gradients. Of course, the added jet momentum will
also tend to alleviate the losses associated with flow separation
and add to the total pressure sensed downstream, which is also
evidenced by the contours.

Figure 7 shows the profiles of total pressure at each of the
five stations sampled for the aeroramp injector operating with
g equal to 1.0 or 2.0, as indicated. The contour color scales
are consistent between plots. At x/d.r = 7.2 (Fig. 7a) the losses
are confined to the boundary layer very near the wall sur-
face. The aeroramp does not appear to separate the boundary
layer— at least not to the same extent as was observed with
the physical ramp. This will certainly contribute less drag com-
pared with the physical ramp and will minimize the occurrence
of hot spots in the vicinity of the injector. The center jet im-
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Fig. 7 Total pressure contours for aeroramp injector: a)-e) § = 1 and f) § = 2.

parts added total pressure to the boundary layer, as indicated
by the small local maximum just above the wall at y/des = 0
(Fig. 7a). The three composite shock patterns forming over
each of the three rows of jets can be identified. As explained
in the preceding text, the poor resolution of these shocks re-
sults from an undesirable interaction between the jet shock and
the cone- static pressure probe shock. The actual shock loca-
tions are at the lower edge of these bands, where the jet in-
teraction shock first impinges on the cone- static pressure
probe. At x/d.= 11.4 (Fig. 7b), where the three jets have now
merged to form a single core of helium, the total pressure
losses are more severe and cover a larger area compared with
the previous station. The three composite jet interaction shocks
can still be identified and have moved upward with axial dis-
tance downstream. At x/d.; = 22.0 (Fig. 7c) some of the total
pressure has been recovered within the helium core as the
losses have been distributed over a larger region. At x/d.; =
56.0 (Fig. 7d) the jet plume emerges from the boundary layer
while a secondary core has developed near the wall. At x/d
=75.0 (Fig. 7e) the gradients have become less severe and the
pressure losses are distributed over a greater area. Note that
no strong vortex patterns appear downstream of the first sta-
tion. Hence, the mixing downstream of the first station is not
dominated by large-scale vorticity, as was the case with the
physical ramp. In Fig. 7f, § was increased to 2 and the last
downstream plane of x/d.: = 73.8 was probed. Note that, al-
though the pressure losses are distributed over a greater area,
the magnitude of the losses have been lessened by the added
jet momentum. Furthermore, these losses appear to be less
severe than those incurred with the physical ramp at x/de =
79.0 and G = 2.

Penetration Trajectory

Overall plume penetration is defined here as the maximum
vertical height from the wall surface to the edge of the mixing
region, where the fuel mass fraction is 0.5%. The penetration
trajectory is then defined as the variation with downstream
distance of the plume penetration height. The penetration tra-
jectories of both injectors are quite complicated in the near
field, and appear to jump almost discontinuously between 12
< x/dys < 22. To predict penetration accurately in the far-field
region, where the trajectories are more well-behaved, curve fits
were constructed correlating penetration height with down-
stream distance for x/d.; > 22 and ¢ = 1. Past studies have
shown the penetration height to vary exponentially with axial
distance in the far-field region. Power-law curve fits were con-
structed using only the data obtained from the last three axial
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Fig. 8 Injectant penetration trajectory.

locations. These predictions are shown in Fig. 8 along with
the measured penetration heights at each axial location. Also
shown are the penetration heights for each injector at the far-
thest downstream location with § = 2.

Note that when ¢ is increased to 2, the normalized penetra-
tion for the aeroramp increases, whereas for the physical ramp
it decreases. Recall that the penetration is nondimensionalized
by d.s, which is a function of the injector discharge coefficient.
The increase in g results in an increase in the injector discharge
coefficient, and therefore in the effective diameter as well. The
absolute penetration increases in both cases, although they are
scaled by larger effective diameters. These results suggest that,
with further increases in ¢, the penetration height for the aero-
ramp may surpass that of the physical ramp. This increase in
penetration, however, may also cause the total pressure losses
of the aeroramp to approach those of the physical ramp.

Decay of Maximum Concentration

The decay of maximum concentration with downstream dis-
tance for the injectors is presented in Fig. 9. In general, the
decay of maximum concentration proceeds exponentially with
downstream distance, so that it may be correlated using an
appropriate power law. The following form will be used to
obtain n:

&y = B(-’C/deff)_n (3)



142 FULLER ET AL.

10° | =

A T g =218,
\A \‘\/

\&\\ 082 |
R o m260¢,)°
O Phys. Ramp; §=1.0 ™, |
| ] Phys. Ramp; =2.0 ‘é ]
A Aero-Ramp; G=1.0 »
A Aero-Ramp; §=2.0 \Q AN
[ Correlation for g=1.0 N N

0"‘max
iy
=]
T

H,-Air Stoichiometry N AN

10‘? 3 ool n 1ol L
10° 10 10° 10°

Fig. 9 Decay of maximum concentration vs axial distance.

A larger value of n indicates a larger overall rate of decay.
Using the data obtained in the experiments, correlations were
constructed using the method of least squares. The decay rate
for the physical ramp injector was 1.40, and for the aeroramp
injector it was 0.82. The physical ramp injector exhibits a very
high rate of decay when compared with the average rate of
0.8, determined through an extensive review of jets in cross-
flow data conducted by Schetz et al."' Note, however, that in
the near-field region, the initial decay produced by the aero-
ramp upstream of the first measurement station is superior to
that of the physical ramp injector. As a result, the far-field
values of maximum concentration are comparable, despite the
large decay rate produced by the physical ramp downstream
of the first measurement station. Setting @m. = o, = 0.0292,
the stoichiometric mass fraction of hydrogen in air, and solving
for x/d. yields the distance at which all of the mixture is at
or below the stoichiometric mass fraction of hydrogen in air.
At this distance X, the injectant is considered fully mixed.
For the physical ramp the fully mixed distance was 113d.,
and for the aeroramp it was 240d.y.

Plume Area

The overall plume area A is defined here as the area enclosed
by the outermost contour representing a fuel mass fraction of
0.5%. Figure 10 shows the relative plume area vs axial dis-
tance for each test case. The relative plume area is defined as

A=A —-A)MA, —A) 4)

where A, is the area to which a segregated jet (a perfectly
unmixed jet) would expand if allowed to reach a uniform static
pressure equal to the freestream, and A, is the area required
for a uniformly stoichiometric jet to reach the same conditions.
The latter is defined by

A, = /\A,-/ozs. 3)

where A, is the jet exit area. Thus A is a measure of the degree
to which the plume has expanded. A, and A, vary with jet
operating conditions. An increase in P,; results in a linear in-
crease in both A, and A,. Therefore, a constant value of A with
increasing P,; means that the plume is growing in proportion
to P,

In the near field, the relative plume area produced by the
aeroramp is larger than that produced by the physical ramp.
In the far-field region, the plume produced by the physical
ramp quickly grows and surpasses the aeroramp plume in
terms of size. However, note that when the g ratio is increased
to 2, A decreases significantly for the physical ramp but re-
mains approximately the same size for the aeroramp. That is,
the absolute plume area produced by the physical ramp does
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Fig. 10 Relative plume area vs axial distance.

not grow much with increasing g, whereas the plume produced
by the aeroramp grows significantly. These results suggest that
further increases in § may lead to a larger plume area for the
aeroramp compared with the physical ramp.

Mixing Efficiency

The computation for 7, used here is based on the definition
first developed at the NASA Langley Research Center.’® The
mixing efficiency is defined as that fraction of the least avail-
able reactant that would react if the fuel-air mixture were
brought to chemical equilibrium without additional local or
global mixing. Thus, in fuel-rich regions, all of the local air is
considered mixed, whereas in fuel-lean regions all of the local
fuel is considered mixed. A two-part definition of mixing ef-
ficiency is required, depending on whether the flow is globally
fuel-rich or fuel-lean. In this particular study of single injectors
in a relatively large duct, the flow is globally fuel-lean and 7,
is defined as follows:

f a,pu dA
110 i
= — = 6)

m,/ltota]
apu dA

where

=
@ = { a, o= o )

a(l — o)/l — o), a>a

Note that n,, = 0 corresponds to a perfectly segregated jet, and
7, = 1 corresponds to a perfectly mixed system.

Figure 11 shows the integrated mixing efficiencies vs axial
distance for both injectors. Fitting a power law to the three
downstream points yields predictions for the far-field mixing
efficiencies of each injector. In the near field, the mixing ef-
ficiency produced by the aeroramp is superior to that produced
by the physical ramp. In the far field, however, the mixing
efficiency produced by the physical ramp prevails. This is con-
sistent with the results of the maximum fuel concentration and
fuel plume area measurements. As o, decreases and A in-
creases, mixing efficiency must improve. Likewise, if @ 1S
lower and A is larger in one case compared with another, the
mixing efficiency must necessarily be higher. When § was in-
creased to 2.0, the mixing efficiencies were reduced in both
cases, although the reduction was more severe for the physical
ramp. Both injectors rely heavily on streamwise vorticity for
mixing enhancement. As stated earlier, the physical ramp vor-
ticity decreases with increasing jet momentum, while for the
aeroramp it appears to increase. As a result, further increases
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in jet momentum will most likely cause the physical ramp to
suffer more than the aeroramp in terms of mixing efficiency.

Finally, note that when @, is less than or equal to «, the
7., equals unity. Thus, x4, also corresponds to that distance at
which mixing efficiency first reaches unity. The correlations
were used to compute the fully mixed distances. For the phys-
ical ramp, X4, = 100d. and for the aeroramp, X, = 187dy
These distances are comparable, in terms of relative magni-
tude, to those computed based on the maximum fuel concen-
tration predictions. The fully mixed distance for the aeroramp
is approximately twice the fully mixed distance for the phys-
ical ramp. Again, the near-field behavior will most certainly
dominate flame ignition characteristics, and the reacting flow
will most likely alter the distance required to achieve complete
mixing.

Spatial Mixedness

An unmixedness parameter that quantifies mixing rates
based on the variance of the concentration distribution was
defined by Liscinsky et al.”” as

U, = tulo(l — a) (8)
= ,
= D (@ - ay )
i=1
Qg = 1, (rity + 1) (10)

n —1
1

®; = Oleg <_ E ai> (1)
n

i=1

A value of zero for U, corresponds to a perfectly mixed sys-
tem, and a value of unity corresponds to a perfectly segregated
system. The value of this parameter is that it is based on fuel
concentration measurements only and does not rely on aero-
thermodynamic measurements. It was originally developed for
planar-laser fuel plume imaging. Here, we have chosen to plot
1 — U, so as to be consistent with the information provided
by the plume area and mixing efficiency (i.e., a larger value
indicates better mixing).

Figure 12 shows the computed spatial mixedness 1 — U, vs
axial distance, along with the correlations for both injectors
tested. The fully mixed distances, where U, = 0, based on the
correlations are xg, = 120d.; for the physical ramp and xg, =
218d.r for the aeroramp. Again, the distances are comparable
to those previously computed using the maximum concentra-
tion and mixing efficiency correlations. When 4 was increased
to 2 the spatial mixedness decreased with the physical ramp,
while it increased slightly for the aeroramp, yet again indicat-
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Fig. 13 Total pressure loss parameter vs axial distance.

ing better mixing performance with increasing ¢ for the aero-
ramp.

Total Pressure Losses

The total pressure losses caused by fuel injection can seri-
ously affect the thermodynamic efficiency of a scramjet en-
gine. Therefore, the evaluation of a given injector must include
some quantification of losses. The total pressure of the incom-
ing air is reduced by viscous forces in the boundary layer,
shock waves, flow separation, and fuel-air mixing. Unfortu-
nately, these losses are often very difficult to assess in the cold-
flow situation. Previous studies conducted by Fuller et al.”* and
Mays et al.® defined quantitative measures for such assess-
ments. In each case losses were quantified by examining the
mass-weighted field values of the total pressure normalized by
the freestream conditions. However, the area over which the
integration takes place was either facility-dependent or based
on a complex analysis of data not readily available. To simplify
these measures, an adaptation of those previously defined
forms was developed. II was defined here as

f pu(P,.. — P) dA

Il = (12)
PP Ay + pju; P A,

where A, is the previously defined stoichiometric area of Eq.
(5). A parameter value of Il = 0 indicates no losses. However,
the total pressure parameter is essentially unbounded and a
value of unity does not indicate total loss.
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The computed total pressure loss parameter vs axial distance
for each injector has been plotted in Fig. 13. Again, power-
law curve fits have been constructed using the last three data
points. The pressure loss incurred with the physical ramp in-
jector is more severe than that exhibited by the aeroramp in-
jector for both cases of § equal to 1 and 2. Note that when ¢
is increased from 1 to 2, there is an apparent reduction in total
pressure loss, as also indicated in the total pressure contours.
These reductions are a result of the increased contributions
made by the jet to the axial momentum. The reduction in the
case of the physical ramp is greater; this should be expected
because a much greater part of the jet momentum, compared
with the aeroramp, is in the axial direction.

Summary and Conclusions

An experimental investigation was conducted to compare
the performance of the aeroramp injector with a physical ramp
injector previously shown to enhance mixing in supersonic
flow. The scope of the investigation focused on jet penetration,
mixing characteristics, and total pressure losses. Several anal-
ysis techniques were applied to evaluate the mixing character-
istics and all provided consistent results. Furthermore, a pa-
rameter was defined to quantify the total pressure losses
without complex analysis or facility dependence.

The mixing characteristics of the physical ramp injection
were dominated by the counter-rotating vortices generated by
the ramp. The fuel-air mixing produced by the aeroramp was
dominated by the multiplicative fuel- vortex interactions con-
fined to the immediate injector vicinity. Mixing effectiveness
was evaluated based on fuel penetration, maximum fuel mass
fraction decay, plume area, mixing efficiency, and spatial mix-
edness. With a ¢ of unity the aeroramp produced superior mix-
ing in the near field and inferior mixing in the far field. With
a g of 2 the aeroramp mixing approached that of the physical
ramp in the far field. The enhanced mixing of the aeroramp
can be attributed to the multiplicative fuel- vortex interactions
in the near field as well as the multiple jet design. That is,
several small jets should mix better than one single jet. The
enhanced mixing of the physical ramp can be attributed to the
counterrotating vortex pair. Increasing the jet momentum re-
duced the effect of the vortices produced by the physical ramp,
whereas it increased the strength of the interactions produced
by the aeroramp. Thus, with increasing jet momentum, the
overall mixing performance decreased for the physical ramp,
while it increased for the aeroramp.

Total pressure loss was quantified by applying the newly
defined pressure-loss parameter. For the physical ramp the total
pressure losses were concentrated around the centers of the
two counter-rotating vortices. For the aeroramp the total pres-
sure losses were concentrated around the core of the jet plume.
The overall pressure loss suffered by the physical ramp was
more severe than the pressure loss of the aeroramp. With a g
of unity, the physical ramp exhibited a larger loss parameter
over the entire axial range of measurements. When 4§ was in-
creased to 2, both injectors exhibited a reduction in losses.
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