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An experimental and computational study of an aerodynamic ramp (aeroramp) injector was conducted at
Virginia Polytechnic Institute and State University. The aeroramp consisted of an array of two rows with two
columns of flush-wall holes that induce vorticity and enhance mixing. The holes were spaced four diameters apart
in the streamwise direction with two diameters transverse spacing between them. For comparison, a single-hole
circular injector with the same area angled downstream at 30 deg was also examined. Test conditions involved sonic
injection of helium heated to 313 K to safely simulate hydrogen into a Mach 4 air cross stream with average Reynolds
number 5.77 e + 7 per meter at a jet to freestream momentum flux ratio of 2.1. Sampling probe measurements
were utilized to determine the local helium concentration. Pitot and cone-static-pressure probes and a diffuser
thermocouple probe were employed to document the flow. This allowed total pressure losses to be determined.
The numerical flow solver used was GASP v. 4.2. The inviscid fluxes were computed in three dimensions using
third-order AUSM+ with modified essentially nonoscillatory limiting. The AUSM+ algorithm was chosen because
of its good resolution of shock discontinuities and its efficiency. The Wilcox k-ω (1998) turbulence model was
used. The main results of this work can be summarized as follows: 1) the mixing efficiency value of this aeroramp
design, which was optimized at Mach 2.4 for hydrocarbon fuel, was only slightly higher than that of the single-hole
injector at these flow conditions; 2) the mass-averaged total pressure loss parameter showed that the aeroramp
and single-hole injectors had the same overall losses; 3) the computational fluid dynamics (CFD) was unable to
accurately predict the quantitative mixing data produced by the experiment, however, the qualitative comparisons
of the injectors using the CFD predictions agreed with the experiment.

Nomenclature
A j = injector area
Cd = discharge coefficient
deff = effective diameter
deq = equivalent diameter
d j = jet diameter
f = stoichiometric hydrogen-air ratio
M = Mach number
p = (static) pressure
pc = cone-static pressure
pt = total pressure
pt,pitot = pitot pressure
q̄ = jet-to-freestream momentum flux ratio
R = resistance
T = temperature
u = flow velocity
V = voltage
x = axial distance downstream of injector center
y = lateral distance from the injector centerline
y± = plume width
z = vertical distance from the wall
α = mass fraction
γ = ratio of specific heats
ηm = mixing efficiency
ρ = density

Presented as Paper 2005-3235 at the AIAA/CIRA 13th International
Space Planes and Hypersonics Systems and Technologies Conference,
Capua, Italy, 16–20 May 2005; received 26 July 2005; revision received
19 December 2005; accepted for publication 23 December 2005. Copyright
c© 2006 by the American Institute of Aeronautics and Astronautics, Inc. All
rights reserved. Copies of this paper may be made for personal or internal
use, on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0748-4658/06 $10.00 in correspondence with the CCC.

∗Graduate Research Assistant, Department of Aerospace and Ocean En-
gineering, 215 Randolph Hall. Member AIAA.

†Fred D. Durham Chair, Department of Aerospace and Ocean Engineer-
ing, 215 Randolph Hall. Fellow AIAA.

Subscripts

j = jet-exit property
s = system
t = total condition
w = hot film
∞ = freestream property

I. Introduction

B ECAUSE of the short fuel residence time inside a scramjet,
which is on the order of a millisecond, achieving efficient su-

personic combustion forms a challenging problem. Enhanced mix-
ing and rapid combustion imply an increase in combustion effi-
ciency and a reduction of the combustor length, thus reducing the
skin-friction drag and increasing the net thrust. For cycle efficiency
purposes, the process must also induce low total pressure losses.
Mixing enhancement in high-speed flows also has application in
a number of other fields such as thermal protection systems and
vehicle control by jet thrusters.

A multitude of experiments has been performed in the field of in-
jection in supersonic flow using numerous techniques, such as swept
ramps,1,2 slots,3,4 transverse injection,5−10 and jet swirl.11−16 An ex-
tensive review of injector mixing characteristic is given in Schetz
et al.17 The general effects generated by multihole transverse injec-
tor arrays have been studied in the design of the aeroramp injector by
Cox et al.,18 Cox and Gruber,19 R. Fuller et al.,20 Schetz et al.,21 and
Jacobsen et al.22,23 The aeroramp was designed to enhance mixing
and penetration by inducing a counter-rotating pair of vortices; it
showed promising characteristics similar to a physical ramp injector,
but with lower pressure losses.

The purpose of the present research is to determine the effective-
ness of the specific aeroramp injector design, initially proposed by
Jacobsen et al.23 for ethylene injection into a M = 2.4 flow, now for
hydrogen injection into a Mach 4 flow. The aeroramp was tested
and compared to a single-hole, low-angled, circular injector at the
same nominal Mach 4 cross-stream conditions. The Mach 4 airflow
simulates typical conditions to those a scramjet combustor would
encounter in Mach 10–12 flight. Heated helium was used to simulate
hydrogen fuel.
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II. Experimental Setup
A. Test Facilities

Experiments were conducted in the Virginia Polytechnic Insti-
tute and State University unheated, blowdown supersonic wind tun-
nel with test section measuring 23 cm wide by 23 cm high and
30 cm long. A schematic of the wind-tunnel nozzle and test section
is shown in Fig. 1. The tunnel was configured with a convergent-
divergent nozzle resulting in a nominal freestream Mach number
of 4. The wind-tunnel calibration shows a fully developed two-
dimensional turbulent boundary layer. Data were acquired on a PC
with a 16-channel, 16-bit A/D converter, and a 64-channel mul-
tiplexer with a built-in cold-junction compensator for temperature
measurements. The tunnel digital feedback control ensured the nom-
inal total pressure was maintained constant at pt = 1034 kPa, with
an accuracy of ±1%.

B. Aerodynamic Ramp Injector Model
Figure 2 shows the two injector model inserts used in the present

investigation. The top surfaces of the inserts are flush with the tunnel
wall. The aeroramp injector had four holes, each one with a diam-
eter d j of 1.61 mm and a corresponding equivalent jet diameter
deq = (4A j/π)0.5 of 3.23 mm. The geometry consisted of two rows
of two round holes, spaced four equivalent diameters, in the stream-
wise direction and two equivalent diameters laterally between the
holes. The first and second pair of injector holes had transverse-
injection and toe-in angles of 20 and 40 deg and 15 and 30 deg,
respectively. The single-hole, circular injector used as a compara-
tor had the same equivalent diameter and was transversely angled
30 deg relative to the downstream direction.

Fig. 1 Virginia Tech test-section setup.

Fig. 2 Injector model inserts. Left is the aeroramp and right is the single-hole injector.

III. Experimental Methods
A. Test Matrix

All wind-tunnel tests were performed at a nominal freestream
Mach number of 4.0. Freestream conditions were fixed at a total
pressure of 1034 kPa with an ambient mean total temperature of
approximately 295 K, producing a freestream Reynolds number
of 5.77e + 7 per meter. These conditions resulted in a turbulent
boundary layer with a thickness of approximately 20 mm at the
point of injection. Heated helium (in order to achieve temperature
profiles analogous to the concentration) was used as the injectant to
simulate hydrogen fuel. The injectant was heated to an average total
temperature of 313 K, and the average injection Mach number was
sonic. The jet-to-freestream momentum flux ratio q̄ was set to 2.1.
Recall that q̄ is defined by

q̄ = (ρu2) j

(ρu2)∞
= (pγ M2) j

(pγ M2)∞
(1)

A Cartesian coordinate system was chosen with the origin on the
wall surface along the test-section centerline, as shown in Fig. 1. The
origin of the coordinate system is located on the wall in the middle
of the injector array or single injector. The positive x axis is in the
freestream direction, the positive z axis is in the vertical direction
perpendicular to the wall, and the y axis spans the test section. All
lengths are normalized by the effective diameter deff, defined as

deff = C
1
2

d deq (2)

where Cd is the injector discharge coefficient. The measured injec-
tor discharge coefficients were 0.83 for the aeroramp and 0.88 for
the single-hole injector. For the present aeroramp configuration, op-
erating at q̄ = 2.1, the corresponding helium flow rate was 3.4 g/s.
For better comparison, experiments were performed by maintaining
the same injectant flow rate.

B. Aerothermodynamic Probing
Aerothermodynamic probing was accomplished by means of

pitot, cone-static, and total temperature probes. The pitot probe had
an outer diameter of 1.59 mm and an inner diameter of 1.04 mm,
which gave a capture area of 0.85 mm2. The cone-static probe con-
sisted of a cone with a 10-deg half-angle and an outer diameter of
1.59 mm. There were four small ports arranged around the cone
to reduce misalignment effects of the probe with respect to the
flow. The uncertainty on pressure measurement was evaluated to
be ±0.06 atm.
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Total temperature was measured with a rake consisting of three
tubes of 1.59 mm outer diameter spaced 6.4 mm apart. Each
tube had an inner diameter of 1.04 mm giving a capture area of
0.85 mm2. The total temperature probes also had four small ports
to improve the recovery factor. The ratio of capture to recovery area
was 5 to 1 resulting in a recovery factor 0.97. Exposed junction
type-E thermocouples with 0.25-mm-diam bead were placed inside
the three total temperature probes. The uncertainty on temperature
measurement was evaluated to be ±2 K.

C. Species Compositions Measurements
Mean species concentration measurements were obtained using

an integrated sampling probe and gas analyzer designed specifically
for use in supersonic flow. The fundamental concepts and design of
this probe were developed at Virginia Polytechnic Institute and State
University by W. Ng and his students.24 The concentration probe is
an aspirating type attached to a vacuum pump. The unit consists
of a constant temperature hot-film sensor operating in a channel
with a choked exit. The hot film has a diameter of 50.8 μm and
an active sensor length of 1.02 mm. The probe is designed with a
diverging channel between the tip and the sensor plane. The inlet
hole at the tip of the probe has the same diameter as the choked
orifice, d = 0.63 mm. These diameters are chosen so as to preclude
the occurrence of a standoff shock at the probe tip. Flow visualiza-
tion from spark schlieren verified this design intention. The internal
probe diameter diverged from 0.63 mm at the inlet to 3.8 mm at the
sensor plane, causing a normal shock to occur inside the probe in
the diverging channel. In this fashion, a stream tube equal in area to
the probe capture area can enter the probe undisturbed. The concen-
tration probe was calibrated to measure the helium molar fraction
uniquely related to a given pressure, temperature, and rate of heat
transfer sensed at the hot-film operating plane. The absolute mea-
surement uncertainty in helium mass fraction was estimated to be
approximately ±7%.

D. Probe Traverse System
For the present investigation, the probes were inserted through

the tunnel floor and mounted onto a vertical traversing system. The
system traversed a distance of 60 mm in 32 steps, at a speed of
900 steps per second. At each step, the position was maintained
for approximately 300 ms. The data for each steps resulted from the
average of the last 25 samples of the given step. The vertical traverse
velocity was approximately 4.4 mm/s. This setup allowed for the
acquisition of a vertical profile with each test run. Between each run,
the probe spanwise location was adjusted manually. The uncertainty
in probe position was ±0.3 and ±0.2 mm in the cross-stream and
vertical positions, respectively.

IV. Data Reduction
A. Concentration Probe

The concentration probe hot-film voltage is related to the
Reynolds number by

V 2 = [(Rs − Rw)2/Rw]πlκ(a Reb)(Tw − Tt ) (3)

where Rs , Rw , and l are known, κ is a function of the gas compo-
sition, and Tt was measured with an internal thermocouple located
at the sensor location. Constants a and b were determined from the
concentration probe calibration curves. For each vertical traverse
location, a file was generated containing the probe location, sensor
voltage, probe total pressure, and probe total temperature. At each
point, a computer routine used Eq. (3) with pt and Tt to calculate the
upper and lower voltage bounds, at any given calibration level. The
program then would start with the calibration curve of the lowest
helium concentration and sequentially search for the two curves that
bounded the voltage at the appropriate pressure. The experimental
helium concentration was found from interpolation from the bound-
ing curves. Once all of the lateral stations per axial location were
reduced, they were put together, and contour plots were generated.

B. Mean Flow Data Reduction
A second code matched the previously calculated helium concen-

tration data to the cone-static pressure, pitot pressure, and total tem-
perature data points in order to calculate profiles for Mach number,
density, velocity, mass flux, as well as the flowfield static quantities.
Because the ratio of specific heats γ is needed to calculate most of
the quantities, it is considered first, and values of γ (y, z) and R(y, z)
were computed based on the local helium concentration. Next, the
remaining flow quantities, M , p and pt , can be calculated.

The Rayleigh–pitot tube formula relates p/pt,pitot to M and γ .

p/pt,pitot = f (M, γ ) (4)

This formula assumes a normal shock in front of the pitot probe
tip. Using the Taylor–Maccoll equation (solved numerically), it is
possible to evaluate the quantity:

pc/p = f (M, γ ) (5)

Taking the ratio of Eqs. (5) and (4), one obtains

pc/pt,pitot = f (M, γ ) (6)

The left-hand side of Eq. (6) is known because pc, pt,pitot were ex-
perimentally measured. For each value of γ , a table with the pressure
ratio pc/pt,pitot and the corresponding Mach number was numeri-
cally created using Eq. (6). By comparison with the experimental
pressure ratio, the local Mach number was determined. The local
speed of sound, velocity, and density were then calculated by use
of their respective perfect-gas relations. All calculations assumed a
calorically perfect gas with constant specific heats.

V. Experimental Results
All plots presented are from measurements taken at a station 16.4

deff downstream of the injector. The plots extend 5/deff on either side
of the injector centerline, and data were acquired to an elevation of
18 deff above the wall. A height of 7 deff was found to adequately
capture the flow characteristics for total temperature, mass fraction,
and Mach number, so that data are only presented in this region.

A. Total Temperature Contours
Total temperature profiles for the aeroramp and single-hole injec-

tors are presented in Fig. 3. The local total temperature profiles are
normalized by the freestream total temperature, and both profiles are
set to the same nondimensional scale for ease of comparison. These
isothermal contours illustrate the total temperature field produced
by the injection process near the plume of the injector and allow
for a qualitative and quantitative assessment of the penetration and
mixing produced by the injectors.

An interesting feature of the single-hole injector temperature pro-
file is the horseshoe-shaped structure. This shape is often associated
with a vortex structure generated by the interaction of a jet in a
crossflow and is the main mechanism for mixing enhancement for
this type of injectors. The aeroramp also generates vorticity from
the interference effects of the multiple jet interactions and the toe-in
angles of the individual jets.

At this point, one might be tempted to estimate mixing perfor-
mance assuming an analogy between the temperature and the con-
centration fields. The temperatures in the plume from the aeroramp
are lower than those in the circular injector plume, indicating more
rapid mixing of the heated helium injectant. One source of error in
such an analysis is the total heat loss from the fuel injected from
the aeroramp with respect to that injected from the single-hole in-
jector. In the case of the aeroramp, there are four copper feed tubes,
each supplying one specific orifice, compared to the single-hole in-
jector, with a single large supply tube. This implies an increase in
heat transfer and reduction in injectant temperature caused by the
increase of the thermal exchange surface.
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a) b)

Fig. 3 Normalized total temperature contours Tt/Tt,∞ for the a) aeroramp and b) single-hole injectors.

a) b)

Fig. 4 Normalized total pressure contours Pt/Pt,∞ for the a) aeroramp and b) single-hole injectors.

B. Total Pressure Contours and Total Pressure Loss Parameter
Total pressure profiles of the aerodynamic-ramp and single-hole

injectors are shown in Fig. 4. These plots show the results from
the aerothermodynamic measurement experiments. The local total
pressure profiles are normalized by the freestream total pressure
(1034 kPa), and both sets of profiles are set to the same nondimen-
sional scale for ease of comparison. These isobar contours illustrate
the total pressure field produced by the injection process and allow
for a qualitative and quantitative assessment of the losses incurred
by the injectors. It can be seen that the aeroramp produced higher
local pressure losses in a larger area compared to the single-hole
injector. However, the shock from the aeroramp is weaker than that
of the single-hole injector. This can be seen in the Mach-number
profiles below. The overall total pressure losses are quantified using
the overall total pressure loss parameter, which involved numeri-
cal integration of the mass-weighted total pressure field over the
sampled area. The overall total pressure recovery Pt,rec is defined
as20

Pt,rec =
∫

ρu PdA∫
ρ∞u∞ Pt,∞ dA + ρ j u j Pt, j A j

(7)

Then, the total pressure loss parameter is defined as follows;
� = 1 − Pt,rec. A parameter value of � = 0 indicates no total pres-
sure loss, and � = 1 indicates complete total pressure loss. There-
fore, lower values of � are better. Table 1 presents the results for
the total pressure loss parameter. These results show the aeroramp
injector to have only very slightly higher overall losses compared to
the single hole. At first glance, this appears in contradiction with the

Table 1 Injectors plume parameters

Parameter Aeroramp Single hole

A/Au 26.4 25.2
z+ 1.75 2
ηm 0.22 0.20
� 0.389 0.378
y± 7.9 6.9

total pressure profiles in Fig. 4 and the preceding comments. How-
ever, because the overall total pressure loss parameter is a mass-
flow-averaged quantity, the parameter is not assessed on local total
pressure alone, but on local density and velocity as well. It turns out
that the plume of the aeroramp injector has a higher velocity field in
the jet plume. This high velocity field significantly offsets the lower
local total pressure.

C. Mass Fraction Contours
Helium concentration data are presented in the form of the mass

fraction contour plots in Fig. 5. Also indicated are the numerical
magnitude of the maximum mass fraction αmax and the location of
this local maximum with an × on the contours plots. The min-
imum contour line (α = 0.02) represents the minimum value of
concentration measurable in the experiment. The centroid of the
lean limit mass fraction for homogeneous H2-air deflagration at
ambient conditions (α = 0.003) corresponds to the plume center of
mass, and the symbol• marks this position. The contour plots for the
aeroramp injector can be seen in Fig. 5a. The core of the jet, defined
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a) b)

Fig. 5 Experimental results: a) aeroramp (left) and b) single-hole injectors mass-fraction contours α.

by the maximum helium mass fraction, is located at approximately
y/deff = 0.68 at an elevation of z/deff = 1.8. Figure 5b is the jet cross
section for the single-hole injector. The core of the jet is above the
injector centerline at an elevation of z/deff = 2.73. The core of the
jets, for both injectors, is inside the boundary layer. At this axial
location the boundary layer is about 20 mm (6 deff) as determined
in the shadowgraphs.

Inspection of Fig. 5 shows a wider injectant spread for the
aeroramp and a higher penetration for the single-hole injector. The
profiles show the aeroramp having approximately the same maxi-
mum mass fraction and plume area as the single-hole injector, and
they also qualitatively show the same mixing extent. Results for
these items will be presented subsequently. For the single-hole in-
jector, the characteristic horseshoe-shaped structure of the plume,
associated with a vortex generated by the jet/freestream interaction,
is beginning to appear at the measurement plane. The aeroramp, on
the other hand, produces a wide horizontal region of maximum mass
fraction, at approximately a constant height of ∼2 deff. In general,
the aeroramp injector generates vorticity not only by jet-freestream
interaction, but also from the combined effects of the multiple jet
interaction, the toe-in angles of the jets, and additional vorticity
generated by the multiple jet bow shocks (Crocco’s theorem). In the
present investigation, there is no evidence of a significant counter-
rotating axial vortical motion, usually identified by the formation of
two primary cores.

D. Jet Interaction Characteristics
A quantifiable measure of the penetration of the fuel plume into

the main flow is given by the location of the center of mass in a
cross-sectional plane (y − z) of the flow25

z+ =
∫

ρuαz dA∫
ρuα dA

(8)

The results presented in Table 1 show the single-hole injector
penetrates higher than the aeroramp, as expected, based on the higher
initial momentum value in the z direction. Table 1 also presents the
results for the plume width y± defined by the distance between
the plume core and the stoichiometric side edges, respectively. The
aeroramp produces a significantly larger amount of lateral mixing.

The overall plume area is defined here as the total area of the plume
that has an α greater or equal to the stoichiometric value for hydro-
gen, namely, 0.0292. Results from this study are presented in Table 1.
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 overstoichiometric-
plume area of the aeroramp injector array is larger than that of the
single-hole injector.

In a nonreacting simulation of a supersonic combustor, it is use-
ful to know the mixing efficiency of the injection process. This

predicts how well the fuel would burn in an actual scramjet com-
bustor with the same pressure field. The mixing efficiency ηm is
the total mass of fuel that would react assuming steady, isentropic,
quasi-one-dimensional flow divided by the total mass flow rate of
fuel. This is given by26

ηm =
∫

ρu Z dA∫
ρuα dA

(9)

where Z = α, if α ≤ f (H2 lean—all H2 consumed) or
Z = (1 − α) f/(1 − f ) if α > f (O2 lean—all O2 consumed).

Table 1 presents the results, which show that the mixing efficiency
value of the aeroramp injector model is slightly higher than that for
the single-hole injector.

The injectant mass flow [denominator of Eq. (9)] was compared
with the injectant mass flow rate actually measured during the ex-
periments. This analysis shows the uncertainty in conservation of
mass of +17 to −18% for the single-hole injector and the aeroramp,
respectively. One cause for this uncertainty is the relatively sparse
grid spacing of the measurements. Other causes include errors in
deducing ρ, u, and α as described earlier.

E. Mach Number Contours
Once the local mass fraction is known, it is possible to cal-

culate the Mach-number. Mach-number contours of the injectors
flow-fields are shown in Fig. 6. The Mach number is about equal
to its freestream value at the top of the profile. Each contour has
a point corresponding approximately to the edge of the jet. The
sharp decrease in Mach number is caused by mixing of low-Mach-
number gas from the jets with the higher-Mach-number gas from the
freestream, viscous forces in the boundary layer, and the variation
of the jet bow shock strength.

VI. Computational Studies
Computational fluid dynamics (CFD) is an analysis tool that has

the ability to allow a more detailed and thorough study of local phe-
nomena as well as predict the overall behavior of the flow. This work
attempts to validate a Reynolds-averaged Navier–Stokes (RANS)
model for foreign gas jet injection into a freestream flow of Mach 4.
In addition, comparisons of the aeroramp injector and the single-
hole injector to experiment and each other will be made. The general
aerodynamic simulation program (GASP) flow solver was used for
the analysis.

The CFD model mimics the experimental setup for both the
single-hole injector and the aeroramp injector. The tunnel approach
flow creates a weak shock at a joint on the tunnel surface before
the injectors are reached. The shock slows the flow to Mach 3.6.
As a result, Mach 3.6 was used in computing the inflow boundary
conditions for the CFD models. The freestream flow is at a pressure
of 11,774 Pa and a temperature of 82 K, and the helium is injected at
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a) b)

Fig. 6 Experimental results: a) aeroramp and b) single-hole injector Mach-number contours. Axis are normalized by deff.

Fig. 7 Aeroramp injector convergence behavior.

Mach 1.0, a temperature of 234 K, and a pressure of 224,634 Pa. The
pressure and density were adjusted to match for the experimental
mass flow rate. The computational domain extends five diameters
down into the plenum chamber of the injectors in order to more
accurately represent the flow conditions entering the freestream.

Boundary conditions were applied to the inflow (known
freestream conditions); injector inflow (known He conditions); in-
jector walls (tangency); bottom surface (no-slip, adiabatic wall); and
the top, sides, and outflow (first-order extrapolation).

The calculations were run on a Linux cluster using 80 nodes
with 1.4-GHz Opteron processor, 1.6-GB memory and 10-GB hard
drive each. The aeroramp and single-hole injectors were run to
steady state.

A. Grid Topology
All grids were created using Gridgen v.13.3 (see Ref. 27). The grid

was clustered in the near-wall region in order to capture the boundary
layer and steep gradients. A grid study was performed comparing
a strictly H-type, grid and a combination of C-type, O-type, and
H-type grids that mimicked the flow behavior. By shaping the grid
to map the flow, the cells were skewed especially in the near-wall
region behind the injectors, and the zonal boundaries had a larger
effect on the CFD predictions so that approach was abandoned. Also,
the final H-type grids were designed without a symmetry plane as
a result of erroneous spikes created by the original grid in the area
near the symmetry plane boundary condition.

The final grid for the aeroramp injector consisted of 5.3 million
cells with an initial 	y of 2 × 10−6, which gave a y+ of less than 1.0
in the boundary layer. The grid was sequenced once. Each sequence
was run until convergence was achieved as can be found in Fig. 7.
Mass flow of helium and the X and Y forces on the bottom sur-
face were used a convergence parameters. The cases were run until
there was consistentl less than a 0.5% difference in the parameters.

Fig. 8 Single-hole injector convergence behavior.

Boundary conditions were applied to the inflow (freestream con-
ditions), injector inflow (known conditions of the He), the injector
plenum walls (tangency), the bottom surface of the domain (no-
slip, adiabatic) and the sides, top and outflow of domain (first-order
extrapolation).

The single-hole injector grid had 5.6 million cells and was se-
quenced once. The final H-type grid for the single-hole injector had
an initial 	y of 3 × 10−6, which gave a y+ of less than 1.0 in the
boundary layer. Figure 8 shows the convergence behavior for the
single-hole injector grid. The cases were run until there was consis-
tently less than a 0.5% difference in the parameters.

B. GASP Flow Solver
The GASP28 Version 4.2 flow solver is a time-dependent, three-

dimensional, RANS solver. It solves the integral form of the gov-
erning equations using upwind-based, finite volume formulations.
GASP supports multiblock, structured grid topologies. Steady-state
solutions are marched in time using local time stepping, whereas
time-accurate flows are solved using a dual-time stepping proce-
dure. In this study, the implicit Gauss–Seidel scheme was used. The
inviscid fluxes were computed in three dimensions using third-order
Roe FDS with min-mod limiting. The Roe algorithm was chosen
because the algorithm produces good resolution of shock disconti-
nuities and it shows efficiency. The Wilcox k-ω (1998) turbulence
model was used. Of the viable options for two-equation turbulence
models within GASP, the Wilcox k-ω (1998) model has been suc-
cessfully used to model supersonic flows.

VII. Computational Results
A. Helium Concentration

The helium concentration contours found in Figs. 9 and 10 show
that the CFD predicts slower mixing of helium than the experiment
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Fig. 9 Measured and predicted helium concentration contours in the x/deff = 16.4 plane for the single-hole injector.

Fig. 10 Measured and predicted helium concentration contours in the x/deff = plane of the aeroramp injector.

because there is a larger area of maximum concentration. The con-
tours are slices in the y-z plane taken at x/deff of 16.4. The maximum
predicted concentration for the single-hole injector was 0.65 located
at y/deff = 1.16 and z/deff = 2.24 (experiment: 0.358 at y/deff = 0
and z/deff = 2.73). The maximum concentration for the aeroramp
injector was 0.43 located at y/deff = 1.95 and z/deff = 2.49 (experi-
ment: 0.352 at y/deff = 0.68 and z/deff = 1.7). The single-hole injec-
tor mixes more slowly than the aeroramp injector. The maximum
concentration predicted by CFD for the aeroramp injector agrees
more closely with the experiment than the maximum concentra-
tion predicted for the single-hole injector. The single-hole injec-
tor penetrates further in the vertical direction, but the aeroramp
penetrates significantly further in the transverse direction. The ex-
periment and CFD predict a horseshoe shape of concentration for
the single-hole injector with similar vertical penetration. The CFD
predicts less lateral penetration than the experiment. Also, CFD
predicts the concentration plume to be lifted completely off the
surface.

The aeroramp injector prediction has two distinct plume cores,
which show evidence of two counter-rotating vorticies. The ex-
periment shows a more connected plume on the centerline than
the CFD predictions. The vertical penetration and lateral pene-
tration are similar between the two contours. The CFD predic-
tions show less concentration of helium on the surface in the
boundary layer. CFD predicts a higher maximum concentration,
but the gradient of concentration is similar to the experimental
results.

B. Total Temperature Contours
The total temperature contours can be found in Figs. 11 and 12.

The single-hole injector contours for both the experiment and CFD
show the same horseshoe shape, although the CFD predicts a higher
total temperature and steeper gradient between high and low total
temperatures. The CFD for both the single-hole injector and the
aeroramp injector predict an area of higher total temperature fluid
surrounding a small area of lower total temperature fluid. The exper-
iment does not show the same result, and the overall area with a vary-
ing total temperature is smaller in the CFD predictions. The single-
hole injector penetrates further in the vertical direction, whereas the
plume from the aeroramp injector spreads further laterally.

The CFD and experiment results for the aeroramp injector show
an area of lower total temperature in the center of two higher to-
tal temperature cores than the single injector. CFD predicts slower
mixing than the experiment. This is shown by the two large areas
of high total temperature off center. There is an area of lower tem-
perature fluid on the centerline of both the CFD and experiment for
the aeroramp injector.

C. Mach Number
Predicted contours of the Mach number compared to experiment

can be found in Figs. 13 and 14. CFD predicts a smaller area of
slower moving fluid and a higher overall Mach numbers than the
experiment. The dips near the side of the contour plots evident in
the experimental results are not predicted by CFD. The single-hole
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Fig. 11 Predicted and measured normalized total temperature ratio in the x/deff = 16.4 plane for the single-hole injector.

Fig. 12 Predicted and measured normalized total temperature ratio in the x/deff = 16.4 plane for the aeroramp injector.

Fig. 13 Calculated and measured Mach-number contours in the x/deff = 16.4 plane of the single-hole injector.

injector penetrates higher in the vertical direction, and the aeroramp
injector has a larger area of lower-speed fluid in the lateral direction.
The feature on the centerline, at approx z/deff = 4.5, of the contour
in the CFD prediction of the aeroramp injector is not a result of
the grid. It could be a consequence of the two three-dimensional
counter-rotating vorticies created by the aeroramp injectors. The
vorticies trap slower moving fluid on the centerline and carry it in
the vertical direction. Some of the fluid continues to rotate with the

vorticies, while some of the fluid is pushed further in the vertical
direction.

D. Total Pressure Ratio
The predicted total pressure was normalized by the freestream

total pressure and then used with the normal-shock relations to cre-
ate plots of the pitot pressure, PT 2 (i.e., the total pressure measured
using a hypothetical pitot probe in the computed flow). The resultant
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Fig. 14 Calculated and measured Mach-number contours in the x/deff = 16.4 plane of the aeroramp.

Fig. 15 Normalized pitot total pressure ratio in the x/deff = 16.4 plane of the single injector.

Fig. 16 Predicted and measured normalized pitot total pressure ratio in the x/deff = 16.4 plane of the aeroramp injector.

contours can be found in Figs. 15 and 16. The pitot pressure was used
as a comparison with CFD because there are fewer data-reduction
steps involved in the measurement and therefore less room for er-
ror when comparing the contours. The CFD predictions for the
aeroramp injector agree more closely with the experiment than the
predictions for the single-hole injector. There is a larger area of low-
pressure gas in the aeroramp injector contour than in the single-hole
injector contour. The low-pressure gas extends further laterally for

the aeroramp injector than for the single-hole injector, but the single-
hole injector has more low-speed fluid in the vertical direction. CFD
predicts the plumes to be pulled off the surface, whereas the experi-
mental results show a large area of low-pressure gas in the boundary
layer. The feature on the centerline of the aeroramp injector contour
that was evident in the Mach contours is seen in the total pressure
contours. The low-pressure gas is being rotated up away from the
surface and partially dispersed into the freestream. The aeroramp



1036 MADDALENA, CAMPIOLI, AND SCHETZ

Fig. 17 Predicted vorticity ratio in the x/deff = 16.4 plane for the single-
hole injector.

Fig. 18 Predicted vorticity ratio in the x/deff = 16.4 plane for the
aeroramp injector.

contour CFD prediction shows the low-pressure gas beginning to
rotate away from the centerline and back towards the surface. The
rotation of the low-pressure gas found in the CFD predictions is not
shown in the experimental results.

Using Eq. (7), the total pressure loss parameter was calculated.
The predicted total pressure was used, not the pitot pressure, for this
calculation. The result for the aeroramp injector was 0.41 and for
the single injector was 0.398. These values are similar to the exper-
imental results. The aeroramp predicts a higher total pressure loss
than the single injector, which follows the same trend as predicted
by the experiment.

E. Vorticity
Vorticity was not measured in the experiment, but CFD can pro-

duce useful results for that important flow variable. Predicted vor-
ticity magnitude contours in the x/deff = 16.4 plane can be found
for the single-hole injector in Fig. 17 and for the aeroramp injec-
tor in Fig. 18. Vortex flow enhances mixing through entrainment
of freestream fluid and enhanced strain rates on the shear layer,
which increase the local diffusion gradients. The aeroramp injector
mixes faster than the single injector by creating a larger interfa-
cial surface area to entrain the freestream fluid. The aeroramp not
only has freestream air on the outside of the injector system, but
it traps freestream air in between the four injectors. The air is then
mixed with the injected helium. The single-hole injector creates a
horseshoe contour that is to be expected of a jet in a crossflow. The
single-hole injector appears to pull the helium away from the sur-
face better than the aeroramp injector; however, the aeroramp has
less vorticity in the boundary layer and in the plumes as a result of

a) ω = 800,000/s b) ω = 50,000/s

Fig. 19 Isosurfaces for the aeroramp injector at two vorticity levels.

a) ω = 800,000/s b) ω = 100,000/s

Fig. 20 Isosurfaces for the single-hole injector at two vorticity
strengths.

improved mixing. The aeroramp injector has two contour-rotating
vortices that rotate away from the surface and away from the cen-
terline. The two vorticies mix the helium at a faster rate and diffuse
the vorticity into the flow.

Figure 19 shows vorticity isosurfaces for various levels of vortic-
ity. Behind the first set of injectors in the aeroramp configuration,
the existing vorticity encounters the vorticity created by the second
set of injectors and appears to bend around or above it. Figure 19b
depict the shape of two levels of vorticity. The vorticity appears
to create two smooth outer surfaces surrounding the inner rotating
cores.

The single-hole injector isosurfaces (Fig. 20) depict the rotating
behavior of the plume. The injected gas is lifted up the centerline
off the surface and then rotates in both directions away from the
centerline. The gas is mixed with the freestream as it rotates. The
single-hole injector has a higher vorticity magnitude and a smaller
plume of vorticity than the aeroramp injector.

VIII. Discussion
Experiments were performed at Virginia Polytechnic Institute and

State University to investigate the behavior of a four-hole aeroramp
injector previously developed and studied by Jacobsen et al.23 for
hydrocarbon gas injection into a Mach 2.4 airstream. The aeroramp
was compared to a single, low-angled circular injector. Both injec-
tors were exposed to a Mach 4 cross stream with heated helium as
the injectant to simulate hydrogen.

Helium concentration, pitot pressure, total temperature, and cone-
static measurements were taken during the mixing studies. Helium
mass fraction contours, Mach number, total temperature, and total
pressure plots were generated. From these data, penetration of the
helium injectant core, total pressure losses, and mixing efficiency
were calculated. The main conclusion drawn from these studies are
as follows:

1) The mixing efficiency value of the aeroramp was only
slightly higher than that of the single-hole injector at these
conditions.

2) The aeroramp injector showed somewhat higher local to-
tal pressure losses at some places in the plume than the single-
hole injector. This was because of the higher angle of injection of
the first row of the aeroramp array and the multiple shock struc-
tures from the two rows of jets. Although the local total pressure
losses appeared more substantial, the mass averaged total pressure
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loss parameter showed that the aeroramp had the same overall
losses.

3) The aeroramp had a plume area comparable with the plume
area of the single-hole injector. The aeroramp produced a larger
amount of lateral mixing. This was because of the greater cross-
stream distance between the individual injector holes and more rapid
mixing.

4) The core of the jet, that is, location at maximum helium
mass fraction, was higher for the single-hole injector as ex-
pected considering the higher initial momentum value in the z
direction.

5) The present aeroramp was optimized for the injection of ethy-
lene in a Mach 2.4 crossflow. Further development might include a
study of the optimization of the aeroramp injector design for higher-
Mach-number conditions with light gas injections.

6) The CFD based on a RANS formulation with a k-ω turbu-
lence model was able to predict the behavior and trends in the
flow. Although the CFD predictions were similar, the experimen-
tal results for the mass fraction contours, the total pressure, total
temperature, and Mach-number contours were not as accurately
predicted. The choice of turbulence model could play a large role
in the discrepancies between the experiment and the CFD predic-
tions. The aeroramp injector predicted faster mixing and a larger lat-
eral penetration than the single-hole injector. The aeroramp injector
also predicted a larger low-pressure, low-speed region around the
centerline.

7) Possible improvements in the CFD predictions could be found
by adding freestream turbulence to the model. Turbulence upstream
of the injector(s) in the experiment will increase mixing.

The effects of compressibility in the formation and development
of turbulent structures in simple shear layers can be categorized us-
ing a nondimensional parameter, the convective Mach number Mc.
This is a key compressibility parameter, which is based on the ve-
locity of the large structures relative to a freestream. Papamopschou
and Rosko29 defined a convective Mach number for each
stream:

Mc1 = (U1 − Uc)/a1, Mc2 = (Uc − U2)/a2 (10)

where U1 and U2 are the high- and low-speed velocities. An isen-
tropic pressure balance, with p1 = p2 (static pressure) and γ1 = γ2,
yields Mc1 = Mc2 and

Mc1 = Mc2 = (U1 − U2)/(a1 + a2) (11)

Furthermore, it can be shown that Mc1 and Mc2 are still fairly
close even when γ1 �= γ2, provided that p1 � p2. As shown
by Papamopschou and Rosko, growth rates of mixing layers are
suppressed with increasing convective Mach number, which is as-
sociated with a turbulent structure becoming fully three dimen-
sional. One could adapt the convective Mach-number concept to
scale the compressibility of transverse jets. One way is as suggested
by Ben-Yakar et al.30 For the conditions of the present investiga-
tion, Mc is greater than the Mc calculated for the earlier aeroramp
case of M = 2.4 with heated air injection,31 which performed well.
This might help to explain the decreased performance obtained
here.

If we assume a constant characteristic time, defined as

t∗ = �/Uc (12)

where � is a characteristic length (i.e., the distance between the
orifices) and Uc is the convective velocity, it is possible to scale
the geometry of the aeroramp injector for a new set of operation
conditions because:

Uc = Uc(M∞, q̄) (13)

Following this procedure, we predict for M = 4 and helium injection
the need to increase the distance in the spanwise direction between
the orifices of the aeroramp with respect to the initial configuration.
Studies to support this approach are planned.
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