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Experiments on diamond-shaped injectors with sonic injection of heated helium into a nominalMach 4 airflow are

reported. The slender diamond was angled up 60 deg from the wall. These conditions correspond to a Mach 10

scramjet with helium to simulate hydrogen fuel. The diamond was tested at jet-to-freestreammomentum flux ratios,

�q, of 1.04 and 0.49, aligned with the freestream and with 15 deg yaw. For comparison, round injectors angled up

30 deg from the wall with �q� 1:75 were also examined. Previous studies have shown that diamond and round

injectors each perform best at different values of �q. A sampling probe was used for helium concentration with Pitot,

cone-static, and total temperature probes for other flow properties. For �q� 1:04, the diamonds penetrated about

50% higher than the round injector and produced a 30%wider jet. The diamonds exhibited 10–15% lower mixing

efficiency. The total pressure loss parameter of the aligned diamond was 22% lower, while the yaw angle improved

the total pressure loss parameter to 34% lower than the round injector. For the lower �q case, the diamond

demonstrated 52%higher penetration anda39%wider plume than the round injector, and themixing efficiencywas

only 4% lower. The total pressure loss parameter was 32% lower than the round injector. These results confirm

earlier, lower Mach number and heavier injectant studies that a slender diamond injector provides significant

benefits for penetration and lower total pressure losses.

Nomenclature

A = area
� = mass fraction
cp = constant pressure specific heat
cv = constant volume specific heat
f = stoichiometric hydrogen–air ratio
G = mass flow rate
� = ratio of specific heats
� = combustor efficiency
�m = mixing efficiency
M = Mach number
p = (static) pressure
pc = cone static pressure
pt = total pressure
pt;Pitot = Pitot total pressure
pt;rec = total pressure recovery factor
� = total pressure loss parameter
�q = jet-to-freestream momentum flux ratio
R = gas constant
Re = Reynolds number
Rb = effective radius
� = density
T = temperature
u = flow velocity
V = voltage
x = axial distance downstream of injector center
y = lateral distance from the injector
y� = plume width
z = vertical distance from the wall
z� = plume center of mass height

Subscripts

j = jet exit property
s = system
t = total condition
1 = freestream property

I. Introduction

B ECAUSE to the of very high freestream velocity of scramjets
reaching Mach 10, fuel residence time is on the order of

milliseconds [1], and supersonic combustion presents an interesting
challenge in scramjet engines. It is, therefore, desirable to enhance
penetration and mixing of the fuel plume to accomplish rapid
combustion. Rapid combustion will produce an increase of
combustion efficiency and a reduction of the required combustor
length thus reducing the skin-friction drag and heat transfer and
increasing the net thrust. To improve the overall engine efficiency,
the injection process must also induce low total pressure losses. Jet
injector enhancement in high-speed flows also has applications in
otherfields such as thermal protection systems and vehicle control by
jet thrusters.

Many injector configurations have been studied by various groups
in an attempt to produce enhanced mixing and penetration in wall
injectors. Some of these configurations can be seen in Fig. 1
including swept ramps [1–10], slot injectors [11,12], transverse
injection [13–18], and jet swirl [19–24]. An extensive review of
injectormixing characteristics is given in Schetz et al. [25]. The focus
of the current investigation is single-hole, flush-walled injectors.
Flush-walled injectors are preferred over in-stream injectors because
theyminimize total pressure losses and heating. Single-hole injectors
produce a counter-rotating vortex pair [26] when they interact with
the freestream crossflow. This counter-rotating vortex pair is the
major method of mixing enhancement in these injectors.

One of the more successful studies in further enhancing jet flow
penetration in single-hole injectors was the use of a wedge-shaped
hole with a rounded back introduced by Barber et al. [14]. The
wedge-shaped front of the hole mitigated boundary layer separation
upstream of the jet resulting in higher penetration compared with
round injectors. The major drawback of the wedge injector design
was that separation still occurred downstream of the injector due to
the rounded back. Tomioka et al. [13] showed that replacing the
round back of the injector hole with a rear-facing wedge would help
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to negate this problem. In addition, Tomioka, et al [13] showed that
the addition of a moderate yaw angle to the diamond-shaped injector
further enhanced penetration and mixing. It is suggested that this
phenomenon is due to the fact that the yawed diamond shape in a
crossflow acts like a pitched up airfoil, creating suction on one side
and compression on the other, inducing a span-wise flow from the
compression to the suction side. When this span-wise flow interacts
with the counter-rotating vortex pair, streamwise vorticity is
enhanced, increasing penetration.

The purpose of the present research is to determine the
effectiveness of a diamond injector design that was initially proposed
by Tomioka et al. [13] for M � 3 airflow with heated air injectant
now in a nominal Mach 4 airflow with heated helium injectant. The
diamond injector was tested both aligned with the freestream flow
and at a 15 deg yaw angle and compared with a low-angled, circular
injector investigated by Maddalena et al. [1] at the same nominal
Mach 4 cross-stream conditions and mass-flow rate. This
comparison is intended to verify the effectiveness at nominal Mach
4 conditions of injector configurations that have been previously
proven successful at lower Mach number conditions with simulated
hydrocarbon injectants. The nominal Mach 4 flow simulates
conditions a scramjet combustor would encounter in Mach 10 flight.
Heated helium was used to safely simulate hydrogen.

II. Experimental Setup

A. Test Facility

These experiments were conducted in the Virginia Polytechnic
Institute and State University’s blow-down type supersonic wind
tunnel shown in Fig. 2.

The supersonic wind tunnel setup for these experiments used a
converging–diverging nozzle to achieve a nominal Mach 4 flow in
the test section. Flow conditions involved total pressure and
temperature in the plenum chamber of Pt;plenum � 1034 kPa and
Tt;plenum � 295 K. However, there was a weak oblique shock
observed at the end of the nozzle, where the floor plate attached
resulting in actual freestream conditions ofMach numberM1 � 3:8,

total pressurePt;1 � 1029 kPa, and total temperatureTt;1 � 295 K
at the injection station.

B. Data Acquisition

Data from the experiments were acquired using a 16-channel, 16-
bit A/D converter. A 64-channel multiplexer with a built-in cold-
junction compensator was used for temperaturemeasurementswith a
sampling rate of 500 Hz. Labview was used both to control the wind
tunnel, traverse system, and injection and to collect data from the
measurement probes

C. Injectors

Heated helium was used in these experiments to safely simulate
hydrogen fuel in a scramjet engine. The heliumwas heated to a value
of approximately 313 K by a flow heater in the feedline before the
injector measurement devices and orifice.

When comparing injectors, it is important to normalize data to
provide an objective and accurate comparison. Often, injector
diameter is used to normalize lengths for round injectors of varying
sizes. For injector arrays such as aeroramp injectors, equivalent
diameter (the diameter of a single round injectorwith the same area as
the total area of the injectors in the array) is employed. However,
when comparing injectors of different shapes, equivalent diameter is
a poor length scale, because changing injection properties can affect
some shapes differently than others. Thus, a different length scale
must be developed. The length scale used in these experiments is the
effective radius Rb, defined as follows [14]:

Rb �

�������������
Gj

�1u1

s
(1)

To fully describe injector conditions, another parameter is used
called the jet-to-freestream momentum flux ratio �q, defined as
follows:

�q�
��u2�j
��u2�1

�
�p�M2�j
�p�M2�1

(2)

1. Round Injectors

Conventional, round injectors were used as comparators. The
baseline round injector in these experiments had a diameter of
3.226 mm, and it was angled 30 deg up from the wall as shown in
Fig. 3. This injector was studied by Maddalena et al. [1] in the same
facilities at the same conditions. The baseline case used a mass flow
of 3:4 g=s for an effective radius of Rb � 3:54 mm and a jet-to-
freestream total pressure ratio of 0.55 resulting in a jet-to-freestream
momentum flux ratio of �q� 1:75. Values of �q in this range and
angles near 30 deg have been found to be near optimum for round
injectors [25].

To provide a round injector comparison for the lower �q diamond
case described below, it was necessary to test another round injector
with the same mass flow (Gj � 1:5 g=s) and effective radius
(Rb � 2:35 mm) as the lower �q diamond injector. To retain the same
jet-to-freestream momentum flux ratio ( �q� 1:75) as the baseline

Fig. 1 Examples of various injector configurations.

Fig. 2 Test arrangement in the Virginia Polytechnic Institute and State

University supersonic wind tunnel.
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round injector, it was necessary to create a smaller round injector
with a diameter of 2.41 mm and a jet-to-freestream total pressure
ratio of 0.33.

2. Diamond Injector

Themajor injector configuration studied in these experiments was
the diamond-shaped injector, which can be seen in Fig. 3. The
diamond had a long dimension of 12.7 mm and a short dimension of
2.25 mm and was angled 60 deg up from the wall (in the long
direction). The 60 deg angle was chosen in an attempt to maximize
penetration. Initially, this injector was used with flow conditions set
to match the mass flow of the baseline case round injector of 3:4 g=s.
To achieve this mass flow, the jet-to-freestream total pressure ratio
was 0.30 resulting in a jet-to-freestream momentum flux ratio of
�q� 1:04 and an effective radius of Rb � 3:54 mm (matching the
baseline case). A lower �q is desirable for the diamond because if �q
becomes too high, the jet can rapidly plume outward losing the
diamond shape and its benefits [13]. The diamond baseline case was
tested both with the long dimension aligned with the freestream and
at a 15 deg yaw angle. Yaw was achieved by simply rotating the
diamond injector insert shown on the right in Fig. 3. The schlieren
photograph in Fig. 4 shows the bow shock off the front of the injector,
and the injection plume can be seen. The boundary curving up to the
right is the edge of the window.

The diamond injector was also tested at an even lower �q based on
the work of Tomioka et al. [13]. This research indicated that a jet-to-
freestream momentum flux ratio of about �q� 0:5 is near optimal for
a diamond injector of this aspect ratio [13]. To achieve �q� 0:49 for
this diamond, a jet-to-freestream total pressure ratio of 0.13 was
required resulting in amass flow of 1:5 g=s and an effective radius of
Rb � 2:35 mm.

The injectors and conditions studied are summarized in Table 1.

3. Injection System

The helium injection system used two bottles of compressed
helium, a dome pressure regulator, two total pressure transducers, a
differential pressure transducer, two thermocouples, and a gasline
heater.

The first total pressure transducer and type E thermocouple with
the differential pressure transducer were placed in the line before the
heater to measure the mass flow with a commercial Venturi
flowmeter. The helium was then routed through the heater. The
heated helium then passed the second pressure transducer and a type
E thermocouple in the line just before the injector insert to measure
the injection conditions.

III. Instrumentation

Injection plume measurements were taken at a vertical plane
normal to the freestreamflowdirection 53mmaft of the injector. This
plane corresponds to a normalized distance of 15.0Rb downstreamof
the baseline injectors and 22.5 Rb downstream of the lower mass-
flow injectors. A Cartesian coordinate system was used with its
origin on the wind tunnel floor along the test section centerline. The
positive x-axiswas alignedwith the freestream direction, the positive
z-axis was in the vertical direction up from the floor and the y-axis
was aligned with the tunnel span direction.

All measurements in these experiments were accomplished using
probes mounted on a vertical traversing system and inserted through
slots cut in the wind tunnel floor as shown in Fig. 5. This setup was
used to acquire data for a single vertical profile for each probe for one
wind tunnel run. The probe span-wise position was adjusted
manually between runs. To produce a full profile at the measurement
plane, a vertical profile was taken at each of 13 equally-spaced span-
wise stations over a distance of 38 mm. The uncertainty in the probe
position was �0:3 mm in the span-wise direction and �0:2 mm in
the vertical direction.

A. Species Composition Probing

Mean helium concentration measurements were accomplished
using an integrated concentration sampling probe and gas analyzer
designed for supersonic flow. The conceptual design of this type of
probe was originally developed by Ng et al. [27]. The probe was
aspirated during data acquisition by a vacuum pump. The
concentration probe was calibrated to measure a unique heliummass
fraction for a specific pressure, temperature and heat transfer rate at
the hot-film sensor plane. Complete details are available in [28].

A file was generated showing the probe position, voltage, total
pressure and total temperature for each wind tunnel run. For each
probe position, a computer algorithm using these measurements was
used to determine the upper and lower bounds on voltage for any
calibration level. The program then searched iteratively for the two
helium concentration calibration curves which bounded the voltage
at the measured pressure and temperature. Then, the local helium

Fig. 3 Round injector insert (left) and diamond injector insert (right):

a) baseline case, b) lower mass-flow case.

Table 1 Injector summary

Shape Size, mm Injection
angle

Yaw
angle

Gj g=s �q Rb, mm

Round 3.23 diameters 30 0 3.4 1.75 3.54
Round 2.41 diameters 30 0 1.5 1.75 2.35
Diamond 12:7 � 2:25 60 0 3.4 1.04 3.54
Diamond 12:7 � 2:25 60 15 3.4 1.04 3.54
Diamond 12:7 � 2:25 60 0 1.5 0.49 2.35

Fig. 4 Schlieren photograph of helium injector in crossflow. Fig. 5 Test setup showing injector and triple-probe rake.
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concentration was interpolated between the two bounding curves.
These algorithms are shown in [28]. The probe was found to have an
uncertainty of approximately �3% for helium mass fraction
measurements.

B. Aerothermodynamic Probing

Aerothermodynamic measurements were taken with a triple-rake
probe which included a Pitot pressure probe, a cone-static pressure
probe and a total temperature probe as seen in Fig. 5.

These measurements along with the helium concentration were
used with a combination of the Rayleigh-Pitot formula and a
numerical solution of the Taylor–Maccoll equation to determine the
local Mach number and total pressure at each sampling location. The
uncertainty on the pressure measurements was �6 kPa. The
algorithms used to complete these calculations can be found in full in
Ref. [28]. All other flow properties were then found using the perfect
gas relations. All calculations assumed a calorically perfect gas, i.e.,
constant specific heats.

The total temperature was measured directly by the total
temperature probe because total temperature remains constant across
a normal shock. The uncertainty on the temperature measurements
was �2 K.

IV. Results and Analysis

A. Baseline Cases

This section discusses the total temperature, total pressure and
concentration (mass fraction) data for the injectors using a mass flow
ofGj � 3:4 g=s corresponding to an effective radiusRb of 3.54mm.
The results for the aligned and yawed diamondwere compared to the
baseline round injector. All plots in this section were taken from the
measurement plane 15:0Rb downstream of the injectors. The plots
extend to�5:35Rb in the span-wise direction and from0 to 7:65Rb in
the vertical direction.

1. Total Temperature Contours

Figure 6 shows the total temperature contours for the baseline
mass-flow cases. The local total temperature values in the plots are
normalized by the freestream total temperature of approximately
Tt;1 � 295 K. All three profiles are set to the same nondimensional
scale for comparison. A qualitative and somewhat quantitative
assessment of the injector behaviors can be obtained from the
isothermal profiles.

The total temperature profiles for all three injector configurations
show an arch-shaped structure, which is often demonstrative of the
presence of a counter-rotating vortex pair. The counter-rotating
vortex pair is present in most single-hole injectors in a supersonic
crossflow, and it is themainmechanism formixing enhancement and
penetration for single-hole injectors.

The total temperature contours show a cooler core, a warmer
exterior, and a more gradual temperature gradient in the round
injector than the diamond injectors, which display a well-bounded
hot corewith a rapid drop off to the freestream total temperature at the
edge of the arch structures. One must use caution in interpreting
temperatures for mixing due to the Ranque-Hilsch effect. This effect
states that total temperature is variable within a vortex structure,
rendering the temperature analogy for mixing inconclusive.

2. Total Pressure Contours and Total Pressure Loss Parameter

Figure 7 shows the total pressure contours for the baseline mass-
flow cases. The local total pressure values in the plots are normalized
by the freestream total pressure of approximately pt;1 � 1029 kPa.
All three profiles are set to the same nondimensional scale for
comparison. Pressure losses from the air and fuel can be generated by
viscous forces in the boundary layer, flow separation, shock waves,
and/or fuel–air mixing.

The total pressure profiles indicate that the diamond injectors
generate slightly higher local total pressure losses over a larger area
than the round injector. However, the overall average total pressure
losses are more revealing for injector performance than local
observations. The overall total pressure loss is quantified using a total

Fig. 6 Normalized total temperature contours Tt=Tt;1 for baseline case (left), aligned diamond injector (middle), and yawed diamond injector (right)

round injector.

Fig. 7 Normalized total pressure contourspt=pt;1 for baseline cases (left), aligneddiamond injector (middle), andyaweddiamond injector (right) round

injector.
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pressure loss parameter calculated using a numerical integration of
the mass-flow-weighted total pressure field over the sampling plane.
The total pressure loss parameter� is related to the pressure recovery
factor pt;rec as follows [1]:

pt;rec �
R
�upt dA

�jujpt;jAj �
R
�1u1 dA

(3)

and

�� 1 � pt;rec (4)

where � is density, u is velocity, pt is local total pressure, and A is
area.

From Eq. (4), a total pressure loss parameter value of �� 0
indicates no overall total pressure loss. The results of the total
pressure loss parameter calculations can be seen in Table 2. These
results show that the diamond injectors generate lower overall
pressure losses than the round injector. The aligned diamond shows a
total pressure loss parameter of �� 0:294 as compared with the
round injector total pressure loss parameter of�� 0:378, while the
yawed diamond injector shows further improvement with a total
pressure loss parameter of�� 0:250. It is perhaps counterintuitive
that the yawed diamond gives a somewhat lower integrated, mass-
flow-weighted total pressure loss than the aligned diamond.
However, one can see a hint of this result in the shape and size of the
contours in Fig. 7. The diamond injectors generate lower overall total
pressure losses despite showing higher local pressure losses, because
overall total pressure loss is mass-flow averaged. Thus, it is a
function not only of local pressure but also of local density and
velocity. The round injector generates a higher velocity field near the
jet plume than the diamond injectors, because it uses the same mass
flow for similar density through a smaller hole.

3. Mass Fraction Contours and Jet Interaction Parameters

Figure 8 shows helium mass fraction contours representing the
results of the concentration measurements. The magnitude of
maximum helium concentration �max is identified on each plot, and
its location in the plume is designated by a� symbol. The minimum

isoline �� 0:028 represents the a near-stoichiometric value for
homogeneous H2–air combustion at ambient conditions. The
centroid of the lean-limit mass fraction contour (�� 0:003) [1] is
considered the plume center of mass and is marked by a● symbol in
the plots.

Themass fraction contours show that the core of the jet, defined as
the location of maximum concentration is located at �y=Rb; z=Rb� �
��1:79; 2:07� for the aligned diamond injector, �y=Rb; z=Rb� �
�0:00; 2:84� for the yawed diamond injector, and �y=Rb; z=Rb� �
�0:00; 2:48� for the round injector. The jet core for all three injectors
is within the boundary layer, which has a thickness of 5:65Rb at the
measurement plane.

Figure 8 indicates that the diamond injectors produce a larger
spread of heliumwith higher penetration (based on the location of the
centroid), while the round injector generates more mixing. The two
diamond injectors show similar mixing performance, while the
yawed diamond injector plume is narrower but with higher
penetration. The characteristic dual-lobe structure indicating a
counter-rotating vortex pair is evident in the aligned diamond
injector and the round injector, but for the yawed diamond injector,
the cores are not obvious. Figure 9 shows the two diamond injector
mass fraction contours with a larger range ofmass fraction isolines to
capture the internal structure of the plume core. With the expanded
range, the two cores of the vortex pair become visible in the yawed
diamond, but one is higher than the other, and they are no longer side
by side. This phenomenon is likely due to the addition of span-wise
flow generated by the yawed diamond shape. The interaction of the
span-wise flow with the vortex pair enhances streamwise vorticity
thus increasing jet penetration.

To quantify injector penetration performance, the z-coordinate of
the plume center of mass is used. This indicates the penetration of the
plume into the supersonic crossflow [1]:

z� �
R
�u�z dAR
�u� dA

(5)

where� is the local heliummass fraction, z is the normalized distance
above the tunnel floor, and dA is the differential area. These integrals
were evaluated numerically and the results can be found in Table 2,

Fig. 8 Mass fraction contours � for baseline cases (left), aligned diamond injector (middle), and yawed diamond injector (right) round injector.

Fig. 9 Mass fraction contours � with expanded range: (left) aligned diamond injector and (right) yawed diamond injector.
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which shows that aligned diamond injector penetrates to a height of
z� � 2:30Rb, which is higher than the round injector penetration of
z� � 1:60Rb. The yawed diamond injector penetrates slightly higher
still to a height of z� � 2:44Rb.

The plume width is defined as the normalized span-wise distance
between the stoichiometric edges of the plume. Plume width
performance y� is also presented in Table 2. Both diamond injectors
generate wider plumes than the round injector, which spreads to a
width of y� � 6:3Rb. The aligned diamond injector plume is slightly
wider with a width of y� � 8:5Rb than the yawed diamond injector,
which had a width of y� � 8:0Rb.

Because there is no combustion occurring in this nonreacting
experiment, it is useful to quantify the mixing performance of the
injector to predict the combustion performance in an actual
supersonic combustor with the same pressure field. The mixing
performance is quantified by amixing efficiency value �m defined by
the mass-flow rate of fuel, which would theoretically react assuming
quasi-one-dimensional, steady isentropic flow over the total mass-
flow rate of the fuel as follows [1]:

�m �
R
�uZ dAR
�u� dA

(6)

where Z is a stoichiometric evaluation of mass fraction as follows:

Z� � if � � f Z� �1 � ��f�1 � f� if � > f (7)

where f is the stoichiometric combustion mass fraction value. In
Eq. (7),� � f represents theH2-lean toH2-consumed case and� > f
represents theO2-lean toO2-consumed case. Mixing efficiencies are
shown in Table 2. The aligned and yawed diamond injectors have
similar mixing efficiency values of 0.18 and 0.17, respectively, while
the round injector mixes slightly faster with an efficiency value of
0.20.

Table 2 displays all the injector performance parameters for the
baseline cases at a measurement plane 15:0Rb downstream of the
injector orifices. Both diamond injectors show better penetration
than the round injector. The aligned diamond injector penetrated
44% higher than the round injector, while the yawed diamond
penetrated 53% higher than the round injector. The diamond
injectors produce not only higher penetrating plumes, but also wider
plumes compared with the round injector. The aligned diamond
injector produced a plume 34% wider than the round injector, while
the yawed diamond injector produced a 26% wider plume than the
round injector.

The mixing efficiencies are nearly identical between the two
diamond injectors, and both mix 10–15% slower than the round
injector as qualitatively expected from Fig. 8. The results in Table 2
also show that the diamond injectors generate lower overall pressure
losses than the round injector. The aligned diamond injector
generates 22% lower total pressure loss than the round injector, while
the yawed diamond injector generates 34% lower total pressure loss
than the round injector.

B. Lower Mass-Flow Cases

This section discusses the total temperature, total pressure, and
concentration (mass fraction) data for the injectors using a mass flow
of Gj � 1:5 g=s corresponding to an effective radius of 2.57 mm.
The results for the lower �q ( �q� 0:49) diamond were compared with
the lowerRb round injector ( �q� 1:75). These conditions correspond
to a “well-designed” round injector compared with a well-designed
diamond injector. Here, we refer again to the fact that previous
studies have shown that diamond and round injectors each perform
best at different values of �q. All plots in this section were taken from
the measurement plane 22:5Rb downstream of the injectors.

1. Total Temperature Contours

Figure 10 shows the total temperature contours for the lowermass-
flow cases.

The total temperature profiles from both injectors show the dual-
lobe structure seen in the baseline cases, which is indicative of the
presence of a counter-rotating vortex pair.

The total temperature contour shows a temperature gradient in the
round injector profile with lower maximum temperature than the
diamond injector. The diamond injector higher temperature lobes
indicate that more helium was trapped in the vortex cores. This
observation is based on the fact that the helium is heated while the
freestream air is cold, thus areas of higher temperature are observed
to contain more heated helium.

2. Total Pressure Contours and Total Pressure Loss Parameter

Figure 11 shows the total pressure contours for the lower mass-
flow cases.

The results of the total pressure loss parameter calculations can be
seen in Table 3. These results indicate that the diamond injector
generates lower overall total pressure loss than the round injector.
The diamond injector shows a total pressure loss parameter of
�� 0:253 as compared with the round injector, which shows a total
pressure loss parameter of �� 0:373.

3. Mass Fraction Contours and Jet Interaction Parameters

Figure 12 shows helium mass fraction contours representing the
results of the concentration measurements for the lower mass-flow
case. Again, the magnitude of maximum helium concentration �max

is identified on each plot, and its location is designated by a �
symbol. The centroid of the lean-limit mass fraction (�� 0:003) [1]
is considered the plume center of mass and is marked by a● symbol
in the plots.

Table 2 Baseline injectors plume parameters

Parameter Aligned
diamond injector

Yawed
diamond injector

Round injector

z� 2.30 2.44 1.60
�m 0.18 0.17 0.20
� 0.294 0.250 0.378
y� 8.5 8.0 6.3

Fig. 10 Normalized total temperature contours Tt=Tt;1 for lower mass-flow cases (left) and diamond injector (right) round injector.
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Themass fraction contours show that the core of the jet, defined as
the location of maximum concentration is located at �y=Rb; z=Rb� �
��1:36; 3:12� for the diamond injector and �y=Rb; z=Rb��
��1:36; 2:33� for the round injector. The jet core for both injectors
is within the boundary layer which has a thickness of 8:50Rb at the
measurement plane.

Figure 12 indicates that the diamond injector produces a larger
spread of heliumwith higher penetration than the round injector. The
characteristic dual-lobe structure indicating the presence of the
counter-rotating vortex pair is evident in the diamond injector profile,
while the two cores have merged by the measurement plane in the
round injector.

To quantify injector penetration performance, the z coordinate of
the plume center of mass is used. The results can be found in Table 3,
which shows that the diamond injector penetrates to a height of
z� � 3:37Rb, which is higher than the round injector penetration
height of z� � 2:22Rb. Plume width performance y� is also
presented in Table 3. The diamond injector generates a wider plume
with a width of y� � 10:5Rb than the round injector with a plume
width of y� � 7:5Rb.

The mixing performance is quantified as before by a mixing
efficiency value �m. These efficiencies are displayed in Table 3,
which shows that the diamond and round injectors have similar
mixing efficiency values of 0.26 and 0.27, respectively.

Table 3 displays all the injector performance parameters for the
lower mass-flow injectors at a measurement plane 22:5Rb
downstream of the injector orifices. The diamond injector shows
better penetration than the round injector. The aligned diamond
injector penetrated 52% higher than the round injector. The diamond
injector produces not only a higher penetrating plume, but also a
wider plume, 39% wider than the round injector.

The mixing efficiencies are nearly identical between the two
injectors with the diamond injector mixing just 4% slower than the
round injector. The results presented in Table 3 also show that the
diamond injector generates lower overall total pressure loss than the
round injector. The diamond injector generates 32% lower total
pressure loss than the round injector for the lower mass-flow case.

V. Conclusions

Experiments were conducted to evaluate the performance of
different flush-walled fuel injectors for use in scramjet engines. The
study focused on 60 deg diamond injectors; 30 deg round injectors
were also tested for comparison. The diamond injector was
investigated both aligned with the freestream flow and at a yaw angle
of 15 deg at the baseline jet-to-freestream momentum flux ratio of
�q� 1:04 with a mass flow of Gj � 3:4 g=s corresponding to an

effective radius of Rb � 3:54. The diamond injector was also
investigated aligned with the freestream flow at a lower jet-to-
freestream momentum flux ratio of �q� 0:49 shown to be optimal at
other conditions [13] with a lower mass flow of Gj � 1:5 g=s
corresponding to an effective radius of Rb � 2:35 mm. The round
injector investigated at the lower mass-flow condition had a smaller
diameter than the round injector at the baseline mass flow to keep the
same jet-to-freestream momentum flux ratio of �q� 1:75 for both
cases.

Helium was used as the injectant to safely simulate hydrogen fuel
for real scramjet operation. The investigation was conducted in the
Virginia Polytechnic Institute and State University’s supersonic
wind tunnel with a nominal Mach 4 nozzle to simulate the Mach
number seen in the combustor of a scramjet flying at Mach 10. For
these experiments, there was a weak oblique shock at the end of the
nozzle resulting in a Mach number of M1 � 3:8, total pressure of
Pt;1 � 1029 kPa and total temperature of Tt;1 � 295 K in the
freestream at the injector location.

Profiles of total temperature, total pressure, and helium
concentration were generated at measurement planes normal to the
freestream flow to qualitatively evaluate the injector performance.
The measurement plane was 15:0Rb downstream of the injectors for
the baseline case and 22:5Rb downstream of the injectors for the
lower mass-flow case. For quantitative evaluation of injector
performance, several performance parameters were used: normal-
ized jet penetration, mixing efficiency, total pressure loss parameter,
and normalized plume width.

Conclusions from the investigation can be summarized as follows.
For the baseline cases, the aligned diamond injector showed 44%
higher penetration than the round injector, while yawing the diamond
injector improved penetration to 53% higher than the round injector.
The aligned and yawed diamond injectors generated similar mixing
efficiencies that were 10 and 15% lower than the round injector,
respectively. Yawing the diamond injector also improved the total
pressure loss parameter producing a value 34% lower than the round
injector as compared with a value 22% lower than the round injector
for the aligned diamond injector. The yaw angle was a detriment to
the plume width, as the aligned diamond injector produced a 34%
wider plume than the round injector, while the yawed diamond only
produced a 22% wider plume than the round injector.

For the lower �q case, the diamond injector showed similar
performance to the baseline yawed diamond injector when compared
with their respective round injectors, which showed a 53%
penetration increase. The lower �q diamond injector improved to
nearly the samemixing efficiency as the round injector with just a 4%
lower value. The lower �q diamond injector showed similar total
pressure loss to the baseline yawed diamond injector with a total
pressure loss parameter 32% lower than the round injector. The lower
�q showed an improved plume width over both the baseline diamond
injectors with a 39%wider plume than the round injector. The lower
�q caseswere selected to compare awell-designed diamond injector to
a well-designed round injector. The present results confirm the
conclusions of earlier, lower freestream Mach number and higher
molecular weight injectant studies that a slender diamond injector
provides significant benefits for crossflowpenetration and lower total
pressure losses.

Table 3 Lower mass-flow injectors plume parameters

Parameter Diamond injector Round injector

z� 3.37 2.22
�m 0.26 0.27
� 0.253 0.373
y� 10.5 7.5

Fig. 11 Normalized total pressure contours pt=pt;1 for lower mass-flow cases (left) and diamond injector (right) round injector.
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Further investigations of the diamond injectors could include the
following. A yawed case at the lower �q flow conditions could be
conducted to determine if the same trends hold as in the baseline case.
Themeasurement plane could be shifted forward and aft in both cases
to investigate how the plumes develop as they move downstream of
the injector. Finally, testing at hot-flow freestream conditions could
be investigated to simulate the flow in a real scramjet case.
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Fig. 12 Mass fraction contours � for lower mass-flow cases (left) and diamond injector (right) round injector.
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