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Helium was injected normally to a Mach 3 airstream to simulate hydrogen fuel injection in a scramjet
combustor. Two geometries were evaluated, a wedge-shaped wall ori� ce and a circular wall ori� ce. In-
jection was sonic in both geometries, and the expansion ratios and mass � ow rates were matched to
isolate the effects of the geometric difference. Surface oil � ow patterns were inspected to determine the
extent of boundary-layer separation upstream of each injector, shadowgraphs were used to visualize the
� ow� elds, and probe measurements were utilized to determine local helium concentrations. The wedge-
shaped injection scheme demonstrated more rapid penetration into the freestream and increased mixing
when compared to the baseline circular ori� ce. In addition, the oil � ow photography showed that the
wedge-shaped injector had no upstream separation zone, whereas the circular injector had a large sep-
aration zone. The wedge con� guration would therefore be expected to exhibit reduced wall heat transfer
in an actual combustor. It is concluded that wedge-shaped, normal, fuel injectors should provide generally
better performance than circular normal injectors in supersonic combustors.

Nomenclature
A = jet cross-sectional area
h = penetration distance
M = Mach number
mÇ = mass � ow rate
Rb = nondimensionalization parameter
u = � ow velocity
x = axial distance downstream of injector
y = lateral distance from the injector centerline
z = vertical distance from wind-tunnel � oor
aHe = helium mass fraction
b1 = regression constant
b2 = regression constant
h1 = penetration rate
h2 = decay rate of helium mass fraction
h3 = area growth rate of jet
r = density

Subscripts
j = jet property
` = freestream property

Introduction

C OMBUSTION processes associated with scramjet en-
gines are of continuing interest to the international pro-

pulsion community. Fuel – air mixing in the combustor section
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is a major component of scramjet research because the fuel
and air must mix and react with residence times on the order
of a millisecond to produce acceptable thrust levels. The per-
formance of the combustor and the overall performance of the
engine depend on how adequately mixing and combustion oc-
cur. Therefore, any improvement in mixing will result in a
better engine with increased thrust. Additionally, most fuel in-
jection schemes provide suf� cient blockage to the main � ow
to produce signi� cant shock and/or separation structures that
can greatly increase undesirable heat transfer to the combustor
walls. Injection geometries that provide good levels of mixing
with minimal � ow separation and thermal impact on the in-
jection surface are especially bene� cial.

Numerous fuel injection schemes have been investigated.
Typical methods include axial injection through steps in the
combustor wall, transverse or angled injection through wall
ori� ces, and injection through ramps or behind pylons.
Thomas et al.1 summarize results through 1989 and provide a
review of the available high-speed mixing database. A further
review is provided by Bogdanoff.2 One fuel injection technique
that has received a signi� cant and continuing amount of study
is transverse wall injection.3– 12 For some applications, trans-
verse fuel injection through nonintrusive wall ports may be the
optimal choice, even though the mixing performance may not
be superior to other injection schemes.

The purpose of the present research, which was initially in-
spired by the work of Masyakin and Polyanskii,13 is to inves-
tigate simulated fuel injection through a wedge-shaped ori� ce
acting as a transverse wall injector. The objective of the work
done by Masyakin and Polyanskii13 was to determine an in-
jector exit shape such that no three-dimensional boundary-
layer separation zone occurred upstream of the injection point.
Such a separation zone causes increased pressure and extreme
local heat � uxes to the wall, and normal circular injectors have
a relatively large separation zone. For normal sonic injection,
Masyakin and Polyanskii13 found that a triangular injector ori-
ented with its apex toward the oncoming � ow, and with an
apex half-angle less than 12 deg, has no upstream separation
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Fig. 2 Wedge injector dimensions (mm).

Fig. 1 Tunnel cross section.

zone. Furthermore, it was found that the absence of the sep-
aration zone leads to a change in the system of shock waves
upstream of the jet, with no normal shocks being apparent.
Based on these results, transverse fuel injection through a
properly shaped ori� ce could potentially result in better fuel
mixing than through a circular ori� ce, whereas the absence of
an upstream separation zone should signi� cantly reduce local
thermal loading to the combustor walls.

The present research extends the work of Masyakin and
Polyanskii13 by evaluating the mixing achieved when a simu-
lated fuel is injected normally to a Mach 3 airstream through
a wedge-shaped injector with its apex oriented toward the on-
coming � ow. In this study, a wedge shape was used instead of
the triangular shape of the prior research primarily because of
fabrication considerations. To provide a baseline for compar-
ison, tests were also performed on a single, circular, sonic in-
jector. These tests were under cold-� ow conditions, utilizing
helium to simulate hydrogen injection.

Experimental Apparatus and Methods
Facilities and Experimental Models

The data for this study were obtained in the 23 3 23 cm
blowdown supersonic wind tunnel at Virginia Polytechnic In-
stitute and State University (Fig. 1) at a freestream Mach num-
ber of 3.0, freestream total pressure of 6.5 atm, and freestream
total temperature of 294 K. This tunnel (described in more
detail in Ref. 14) provides run durations of about 13 s under
these conditions. The resulting freestream Reynolds number is
5.4 3 105/cm. The test section is 11.4 cm high, 22.8 cm wide,
and more than 30 cm long in the streamwise direction, dimen-
sions comparable to an actual scramjet combustor.

The wind tunnel is computer operated and controlled, re-
sulting in accurate and repeatable runs. The total pressure is
maintained within 60.03 atm from run to run, whereas helium
pressure is controlled to within 3% of the desired value. The
computer system also controls a 12-bit A/D data acquisition
system to sample and record various test parameters.

The experimental models consisted of an injector block with
two interchangeable injector inserts. Both injectors were sonic
and injected helium normal to the main � ow. The wedge-
shaped injector is shown in Fig. 2. This injector had a wedge
length of 10.8 mm and half-angle of 7.35 deg and was situated
so that its apex was oriented into the Mach 3 freestream. The
circular injector insert incorporated a 3.45-mm-diam hole cen-
tered at the same coordinates as the centroid of the wedge-
shaped injector. This diameter was chosen to duplicate the � ow
rate and expansion ratio of the wedge injector. The injector
block with insert was mounted on top of a helium plenum

chamber, forming a smooth wall along the bottom of the tun-
nel.

Since the shape of the injectors was the primary parameter
of investigation, the geometric diameter (or equivalent diam-
eter in the case of the wedge-shaped injector) was not a rele-
vant scale for nondimensionalizing the experimental results.
Therefore, the effective radius (Rb), as de� ned by Schetz,15 was
used to re� ect the matched � ow conditions of the wedge-
shaped injector and the circular injector. Rb is de� ned only in
terms of � ow parameters and is the approximate nose radius
of a solid body used to represent the obstruction to the free-
stream created by the injected helium and is independent of
injector size.15 All distances were nondimensionalized by Rb,
which was determined from the injected helium mass � ow rate
and freestream conditions:

R = Çm /r uÏb j ` `

Since the injectant mass � ow and freestream conditions were
the same for both injection geometries, Rb had a value of 1.56
mm for both injectors. Jet total pressure was 75.8 kPa for the
wedge-shaped injector and 120 kPa for the circular injector.
Other � ow conditions were matched. The expansion ratio, de-
� ned as the ratio of jet static pressure to the minimum static
pressure required to choke the injector, was 1.45, the mass � ow
rate of helium was 8.9 3 102 4 kg/s, the discharge coef� cient
was 0.90, and the injected helium had a total temperature of
299 K.

Mean Flow Instrumentation

The local helium concentration was measured with the as-
pirating hot-� lm probe developed by Ng et al.16 for measuring
local mean gas composition in supersonic � ows. This probe
was designed to ensure the swallowing of the standoff shock,
which is required for accurate, isokinetic sampling. The swal-
lowing of the shock has been veri� ed by schlieren photographs
taken of the probe tip during nominal operating conditions of
the tunnel.

Measurements of pitot pressure, cone-static pressure, and
total temperature were made by probing the � ow. The cone-
static probe consisted of a 10-deg semivertex-angle cone with
a base diameter of 1.6 mm, whereas a ceramic-tipped, vented,
diffuser-type thermocouple probe was used to measure the to-
tal temperature. The sampling area of these probes is about 1
3 1 mm.

The reduction of the raw data measured from a pitot probe
and a cone-static probe requires knowledge of the local helium
concentration to determine the gas constant and speci� c heat
ratio. This information is then used in the Rayleigh – pitot for-
mula and the cone-� ow solution to determine the Mach num-
ber and the static pressure in the � ow� eld. Together with the
measurements from the total temperature probe, all mean � ow
quantities such as velocity, density, and local mass � ux can
thus be calculated. Further details are provided by Ng et al.16

Optical Instrumentation

Nanopulse (30 3 102 9 s) shadowgraphs of the � ow� eld
were made for both injection geometries. Features of interest
include the thickness of the preinjection boundary layer, shock
structure in the injection region, and the downstream devel-
opment of the mixing and boundary layers.

Surface � ow visualization was accomplished using the oil
� ow method. Drops of oil containing orange or green � uores-
cent dye were placed on the surface of the injector block up-
stream and downstream of the injector. During tunnel opera-
tion, developing surface oil � ow patterns highlighted the
separation zones. Ultraviolet lamps enhanced the appearance
of the oil for posttest photography.

Experimental Methods and Data Analysis

A test plate downstream of the injector and � ush with the
tunnel � oor contained instrumentation ports that allowed lat-
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Fig. 5 Helium concentration, circular injector, x/Rb = 97.

Fig. 4 Helium concentration, circular injector, x/Rb = 56.

Fig. 3 Surface � ow patterns, both injectors.

eral and vertical positioning of mean � ow probes. Continuous
vertical pro� les of helium concentration, pitot pressure, cone-
static pressure, and total temperature were obtained at axial
stations 56, 97, and 201Rb (8.74, 15.1, and 31.4 cm, respec-
tively) downstream of the injection point. These pro� les were
taken at the tunnel centerline and at three lateral stations on
each side of the centerline. At the third axial location, pro� les
were also taken at a fourth lateral station on each side of the
centerline. Helium concentration, total pressure, static pres-
sure, total temperature, static temperature, Mach number, local
speed of sound, density, � ow velocity, and mass � ux were
calculated from the acquired data. The analysis techniques in-
clude the examination of oil-� ow photographs and composite
shadowgraphs, and the determination of concentration-based
results such as helium penetration into the main air� ow, jet
area growth, and downstream decay of the local maximum
helium concentration. An uncertainty analysis indicates that the
maximum error in local helium concentration is 5%.

Results
Flow� eld Visualizations

Figure 3 shows the surface oil � ow photographs for both
injectors. The oil � ow for the circular injector shows a well-
de� ned boundary-layer separation zone upstream of the jet,
whereas the oil � ow for the wedge-shaped injector shows little
or no upstream separation. The downstream wake is seen to
be about the same size in both cases.

Visual evaluations of the � ow� eld shadowgraphs for the cir-
cular injector show that the helium � rst penetrates the free-
stream slightly at approximately x/Rb = 51. By x/Rb = 74, the
helium penetration extends well above the boundary layer and
forms a visible mixing region between the boundary layer and
the unmixed air of the freestream. By x/Rb = 97, the mixing
region has penetrated 8.3Rb into the freestream, and at x/Rb =
201, penetration is 9.6Rb. The helium – air mixing layer pene-
tration increases 16% between x/Rb = 97 and 201.

For the wedge-shaped injector, the shadowgraphs show that
the helium begins to penetrate above the boundary layer at
approximately x/Rb = 45 and remains above it. By x/Rb = 56,
penetration into the freestream is 6.4Rb; at x/Rb = 97, penetra-
tion is 8.3Rb; and by x/Rb = 201, the mixing region penetrates
12Rb into the freestream. The mixing region penetration in-
creases 47% between x/Rb = 97 and 201.

A comparison of these data shows increased penetration for
the jet issuing from the wedge injector and a higher penetration
gradient even at the farthest downstream distances evaluated.
At the last station, x/Rb = 201, the mixing layer for the wedge-

shaped injector penetrates 27% farther into the freestream than
the mixing layer for the circular injector.

Concentration Data

Flow� eld Structure

Helium concentration data are presented in the form of he-
lium mass fraction contour plots in Figs. 4 – 9. The plots extend
laterally 6Rb on either side of the injector centerline for the
� rst two axial stations and 8Rb for the third axial station. The
� gures indicate the numerical magnitude of the maximum he-
lium mass fraction amax, and identify the location of this local
maximum with an 3. The minimum contour line (a = 0.003)
represents the approximate lean limit mass fraction for ho-
mogeneous H2– air de� agration at STP. The c symbol marks
the centroid of the area bounded by this lean-limit contour.
The contour lines then proceed at regular intervals of 0.01
helium mass fraction for the � rst two axial stations and 0.005
helium mass fraction for the third axial station.

Figs. 4 – 6 are the contour plots for the circular injector. At
the � rst axial station (x/Rb = 56, Fig. 4), the core of the jet, as
de� ned by the location of the maximum helium mass fraction,
is above the injector centerline at an elevation of z/Rb = 3.4.
By the second axial station (x/Rb = 97, Fig. 5), the core remains
along the injector centerline, but is seen to begin dividing into
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Fig. 6 Helium concentration, circular injector, x/Rb = 201.

Fig. 7 Helium concentration, wedge injector, x/Rb = 56.

Fig. 8 Helium concentration, wedge injector, x/Rb = 97.

Fig. 9 Helium concentration, wedge injector, x/Rb = 201.

two regions, a large one above the boundary layer centered at
about z/Rb = 5.2 and a much smaller one within the boundary
layer, centered at approximately z/Rb = 1.7. (At this axial lo-
cation, the boundary-layer thickness is approximately 3.2Rb as
shown by the shadowgraphs.)

The contour plot at x/Rb = 201 (Fig. 6) shows that the two
core regions continue to divide and grow. The lateral position
of the core region within the boundary layer has drifted away
from the injector centerline to y/Rb = 2.0 (indicating a slightly
nonsymmetric tunnel condition), whereas the core region
above the boundary layer remains along the injector centerline.
The vertical positions of the two core centers are approxi-
mately z/Rb = 1.2 and 5.8.

Contour plots for the wedge-shaped injector can be seen in
Figs. 7 – 9. At the � rst station, x/Rb = 56, the core of the jet is
located at approximately y/Rb = 2.0 and z/Rb = 5.2. By x/Rb =
97, as shown in Fig. 8, the core has moved toward the injector
centerline and is centered at y/Rb = 1.0 and z/Rb = 6.7. Figure
9 shows that the core region at x/Rb = 201 lies along the in-
jector centerline at z/Rb = 9.5. The core region does not bifur-
cate as rapidly as for the circular injector, but there is an in-
dication of a smaller core region within the boundary layer in
Fig. 9.

Penetration Analyses

Three different metrics for jet penetration have been consid-
ered and are plotted in Fig. 10. The penetration of the core
center (point of maximum concentration, marked by an 3 in
the previous contour plots) is plotted as a function of axial
distance, where hcore is the elevation of the core center above
the tunnel � oor. These data have been characterized by a log-
arithmic equation of the form:

h /R = h log(x/R ) 1 bcore b 1 b 1

where the constants h1 and b1 are determined by linear re-
gression. The rate of penetration of the core center is repre-
sented by h1.

For the circular injector, the data represent that portion of
the core that penetrates into the freestream and neglects the
region remaining within the boundary layer. The rate of core
center penetration is h1 = 4.1. The core center penetration for
the wedge-shaped injector is also shown in Fig. 10, along with
the results of the curve � t. The penetration rate is h1 = 7.8,
89% greater than the rate for the circular injector. The absolute
value of the core center penetration for the wedge-shaped in-
jector is 53% greater than the value for the circular injector at
x/Rb = 56, and 64% greater at x/Rb = 201.
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Fig. 10 Helium penetration into Mach 3 stream. Fig. 11 Decay of maximum helium concentration.

Fig. 12 Growth of jet cross-sectional area.

The location of the centroid of the region bounded by the
H2– air de� agration lean limit is also plotted in Fig. 10. These
data have also been � t to a logarithmic form, but with h1

representing the rate of penetration of the centroid of the jet.
The jet from the circular injector has a rate of centroid pene-
tration of h1 = 2.4; the centroid penetration rate for the jet
from the wedge-shaped injector is h1 = 3.2, 31% greater than
that of the circular injector. At x/Rb = 56, the centroid of the
jet from the wedge-shaped injector shows 8.7% greater pene-
tration than the centroid of the jet from the circular injector,
and by x/Rb = 201 the advantage has increased to 14%.

Also indicated in Fig. 10 is the overall penetration at each
axial station. The overall penetration is de� ned, in this case,
as the minimum value of z/Rb, along the injector centerline
(y/Rb = 0.0), which has a helium mass fraction less than 7.0
3 1024. This de� nition is consistent with that used by Rogers.3

The dif� culty of locating this low-concentration point (within
the experimental uncertainty) limits the usefulness of this form
of data presentation, however, results are included for com-
pleteness and reference to other studies. The data again � t a
logarithmic equation, with h1 in this case representing the rate
of overall penetration of the jet. The penetration rate for the
jet from the circular injector is h1 = 6.5, while the penetration
rate for the jet from the wedge-shaped injector is h1 = 9.2, an
improvement of 42%. The overall penetration of the jet from
the wedge-shaped injector is 4.2% less than the overall pene-
tration of the jet from the circular injector at x/Rb = 56, but is
9.4% greater at x/Rb = 201.

Decay of Maximum Local Helium Concentration

Penetration analyses, while frequently utilized in the past for
jet studies, do not totally re� ect the mixing processes that are
occurring. Figure 11 shows the variation of maximum helium
concentration with axial distance for both injectors. This pro-
vides a different type of assessment, since the local maximum
helium concentration will, in general, decrease with distance
downstream because of mixing between the helium and air,
whereas penetration can occur even in the absence of mixing.
The following relation was used to compare the data:

2h2a = b (x/R )max 2 b

where b2 and h2 were determined from a least-square � t to the
data. The exponent h2 represents the helium – air mixing rate.
The stoichiometric hydrogen – air concentration line is shown
for reference.

The decay rates and intersections with the stoichiometric
line are essentially the same for both injectors. The rate of
maximum helium concentration decay for the jet from the
wedge-shaped injector is h2 = 0.86, which is 6.6% less than
for the jet from the circular injector, h2 = 0.92. If the decay
rates were to remain constant beyond x/Rb = 201, as drawn,
the distance required for the maximum local concentration to
fall to the H2– air stoichiometric line would be 260Rb for the
jet from the circular injector, whereas the distance for the jet
from the wedge-shaped injector would be 262Rb, which is the
same, within the experimental uncertainty of the data.

The maximum helium concentration for injection from the
wedge-shaped injector is 14% lower than that for the circular
injector at x/Rb = 56 and 5.6% lower at x/Rb = 201.

Jet Cross-Sectional Area

The growth of jet cross-sectional area (represented as the
region bounded within the homogeneous H2– air de� agration
lean limit contour) is shown in Fig. 12. The area has been
nondimensionalized by These data have again been � tted2R .b
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to a logarithmic function with jet cross-sectional growth in-
dicated by the coef� cient h3.

The rate of area growth is a good indication of jet expansion
in both the lateral and vertical directions. The rate of area
growth is h3 = 112 for the circular case and h3 = 182 for the
wedge-shaped case, a difference of 63%. At the � rst axial sta-
tion, x/Rb = 56, the area of the jet from the wedge-shaped
injector is 24% less than the area of the jet from the circular
injector. However, by x/Rb = 201, the area of the jet from the
wedge-shaped injector has increased to be 14% greater than
that of the jet from the circular injector.

Discussion
The weight of the experimental evidence supports improved

mixing for the wedge-shaped injector. Since the two injectors
have the same expansion ratio and mass � ow, variations in the
mixing characteristics are concluded to result from geometric
differences only. The geometric differences cause changes in
the near � ow� eld and system of shock waves upstream of the
injectors, which lead to differences in the upstream boundary-
layer separation zones.13 Although the shadowgraphs indicate
that both jet shock waves are of equivalent strengths, surface
oil � ow patterns show that the wedge-shaped injector has no
discernible upstream boundary-layer separation zone. The ab-
sence of a separation zone indicates that the shock wave sys-
tem for the wedge-shaped injector differs from that of the cir-
cular injector, although the differences are not readily apparent
from the shadowgraphs.

Both jets develop bifurcated cores, with one core region
penetrating the freestream and another core remaining within
the boundary layer. The core of the jet from the circular in-
jector begins dividing by the second axial station, and the core
of the jet from the wedge-shaped injector by the third axial
station. The core division is apparently a result of reduced
near-wall mixing caused by low velocities within the boundary
layer.

To compare the injectors, parameters describing mixing per-
formance were calculated. Based on the degree of con� dence
in the data measurements, the primary comparison parameters
include the maximum helium concentration decay rate and the
growth of jet cross-sectional area. Of the three penetration pa-
rameters (core center, overall, and centroid), centroid penetra-
tion is felt to provide the most meaningful data interpretation,
although all penetration-type evaluations have inherent weak-
nesses.

The maximum concentration decay rate, the most frequently
used basis of comparison for gas mixing in the near-injection
region, is the rate at which the local maximum helium mass
fraction decays with axial distance. A high decay rate indicates
a large amount of mixing between the injected helium and the
air. The decay rate for the wedge-shaped injector is 6.6% less
than the decay rate for the circular injector. This (alone among
the comparison techniques) indicates slightly superior mixing
performance for the circular injector.

Another comparison method related to decay rate is the mix-
ing distance, de� ned as the axial position at which the maxi-
mum local fuel concentration reaches the stoichiometric value.
The mixing distances for both injectors are the same, indicat-
ing that circular injectors in a combustor design could be re-
placed with matched wedge-shaped injectors without increas-
ing combustor length.

Overall penetration is a measure of how far the outer regions
of the fuel jet move into the freestream. Overall penetration is
(typically) based on very low values of a, near the limits of
the instrument resolution and within a range of low signal-to-
noise ratio. This generates a signi� cant uncertainty in the cor-
relation and characterizes overall jet behavior on a rather lim-
ited parameter. For the data presented here, the overall
penetration is de� ned by the elevation of the � rst point above
the injection centerline that has a fuel mass fraction less than
0.00073, although it should be noted that the same trends were

observed in this data for mass fraction contours of 0.003 and
0.010. Within these limitations, the rate of overall penetration
of the jet from the wedge-shaped injector is seen to be 42%
greater than the rate of overall penetration of the jet from the
circular injector.

Core penetration is based on the location of the local max-
imum, which eliminates the signal-to-noise concerns associ-
ated with overall penetration. However, for bifurcated cores,
with low mixing occurring in the boundary layer, the local
maximum will, at a suf� cient distance downstream, be found
in this near-wall region. The penetration may then actually
become negative and the associated decay of local maximum
concentration become very small. Since mass � uxes in the
near-wall region will be low because of boundary-layer de-
velopment, both core penetration and maximum concentration
decay may not be representative of the overall mixing beyond
the point where the local maximum is located in some sec-
ondary, near-wall core region. To account for this, comparisons
between the two injection schemes are based primarily on the
penetration of the local maximum in the main core region as
seen in the contour plots. The jet from the circular injector
split into two core regions as described, one that remained in
the boundary layer and a second that penetrated into the free-
stream. The jet from the wedge-shaped injector did not sepa-
rate as quickly and the main core penetrated into the freestream
64% farther than the main core of the jet from the circular
injector. The rate of change of the core center penetration from
the � rst axial station to the third axial station for the wedge-
shaped injector was 89% greater than that of the circular in-
jector.

Another type of penetration is de� ned by the location of the
centroid of the lean limit cross-sectional area. Since this is
associated with the jet cross section, which will continue to
increase independently of any core divisions or reduced near-
wall mixing, less ambiguity is associated with the interpreta-
tion of this penetration parameter. The choice of the hy-
drogen– air stoichiometric lean de� agration limit (at STP) is
rather arbitrary as a boundary for identifying the jet cross sec-
tion, but is believed to adequately represent the spread of the
jet. Other contour lines may be more appropriate for other
mixing applications. As the centroid penetrates farther into the
freestream, more fuel jet surface area is exposed, enhancing
mixing and combustion. The rate of penetration of the centroid
for the jet from the wedge-shaped injector is 31% greater than
the rate of centroid penetration for the jet from the circular
injector. Also, the centroid for the jet from the wedge-shaped
injector shows more penetration than the centroid for the jet
from the circular injector at all three axial stations.

Since a single, normal jet has a three-dimensional � ow� eld,
a measurement of the lateral spreading of the jet also provides
a basis for mixing comparison. Lateral (or radial) expansion
provides a greater jet surface area that can lead to faster mixing
with the freestream. The growth of a de� ned cross-sectional
area of a jet is an indication of overall expansion, not simply
the penetration into the mean � ow. The cross-sectional area
used in this analysis is de� ned to be the area of the jet within
the lean limit for homogeneous hydrogen – air de� agration. The
rate of growth of this area for the jet from the wedge-shaped
injector is 63% greater than the rate of area growth for the jet
from the circular injector.

Considering the analyses in total, injection from the wedge-
shaped injector shows a considerable improvement relative to
circular hole injection. In addition, the essential elimination of
the upstream separation zone should provide substantial re-
ductions in heat transfer to the injection surface.

Conclusions
Sonic, normal injection into a Mach 3 freestream was in-

vestigated. Injection was through a circular wall ori� ce, which
served as a baseline for comparison, and a wedge-shaped or-
i� ce. Based on surface oil-� ow patterns, the upstream sepa-
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ration zone present with circular ori� ce injection is absent with
wedge-shaped ori� ce injection. This is expected to reduce ther-
mal loading to the wall in this region. Additionally, the jet from
the wedge-shaped injector shows greater penetration into the
freestream and better mixing as evidenced by faster expansion
of the jet cross section. As a fuel injection scheme for scramjet
combustors, wedge-shaped wall injectors should provide gen-
erally better performance than circular injectors.
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