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(ABSTRACT)

Experiments were performed with single, sonic, helium jets at downstream an-
gles of 15° and 30° relative to the free stream to determine their mixing, penetration
and‘ total pressure loss when injected into a supersonic air cross flow. From this
information, the performance of these jets as fuel injectors in a supersonic combus-
tion ramjet (scramjet) combustion chamber was estimated. Both injection angle
jets were made flush to the wind tunnel wall. The jets were injected into a Mach
3 free stream with a total pressure of 6.5 atm, a total temperature of 283 K and
a Reynolds Number of 52.5x10° /m. The flow field of each injection angle was
documented at jet expansion ratios of one and five. Spark schlieren and nanoshad-
owgraph methods were used to visualize each flowfield. At axial stations 20, 40,
and 90 jet diameters downstream of each jet, continuous vertical profiles of flow
quantities were made. Profiles were taken at seven lateral stations including the

jet centerline at each axial station. Spacing between the lateral stations was one



jet diameter. This data yielded profiles of helium concentration, Mach number,
static temperature, static pressure, density, flow speed, mass flux, total pressure,
and total temperature. The different injection schemes were then compared on the
basis of helium mass fraction decay, the distance required to reach the stochiometric
H;-air concentration and total pressure loss. For all cases except the 15° jet with
an expansion ratio of one, large eddies were observed to penetrate into the free
stream. These eddies were believed to significantly enhance large scale mixing. The
jet cores of the underexpanded jets had bifurcated 20 jet diameters downstream of
the injection point, but had re-united by the 40 diameter station. Wandering of the
jet core about the geometric centerline was observed for all cases. The decay rates
increased rapidly with the jet to free stream dynamic pressure ratio until about 1.5
where the decay rate leveled off. This indicated that there was no significant in-
crease in mixing from increasing the dynamic pressure ratio of the present jets past
1.5. The decay rate of the present 30°, matched pressure case was about 16 percent
greater than that of a normal jet at similar dynamic pressure and expansion ratios.
These results were reflected in the distances required to reach the stochiometric
H2-air concentration. The 15° jet with an expansion ratio of one had the lowest
total pressure loss. It was concluded that injection at low downstream angle shows

promise for application to scramjet fuel injection and merits further study.
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1. INTRODUCTION

Hypersonic, airbreathing flight vehicles are currently being researched for both
atmospheric cruise and orbital boost applications. The most likely propulsion device
for these vehicles is the supersonic combustion ramjet (scramjet) burning gaseous
hydrogen fuel.!!l In ramjet engines operating at supersonic flight speeds, the incom-
ing air is slowed to below Mach one, so that fuel mixing and combustion can occur
efficiently.[2] If the air is slowed by more than a few percent at hypersonic speeds,
prohibitively high static temperatures and pressures in the combustion chamber
will result. Therefore, fuel mixing and combustion in the scramjet engine must
take place at Mach numbers greater than unity. Because the combustor velocity
of a scramjet engine is about equal to the flight speed of the vehicle, the residence
time of the fuel in the combustor is approximately the combustor length divided
by the vehicle flight speed.[3 For a three meter long combustor, fuel must mix and
burn within about 1073 to 104 seconds. Otherwise, unburned fuel will be ejected
from the engine, significantly reducing the engine’s efficiency. Unfortunately, shear
layer mixing at supersonic Mach numbers is inherently poor.[“] Therefore, a fuel
injection scheme which would augment mixing at these speeds is necessary for a
scramjet engine to be practical.

Work on supersonic gas mixing is relatively sparse. An overview and analysis
of high speed mixing experiments can be found in Reference 5. Injection of a gas

perpendicular to a supersonic flow through a discrete, circular cross-section jet is

INTRODUCTION 1



one of the most studied cases. This case is illustrated in Figure 1. An analysis of this
class of flows was performed by Schetz and Billig,!®! where a method for predicting
the trajectory of a normal jet in a supersonic flow was presented. The method
extended subsonic solid body models to supersonic flows. The results compared
favorably with experiment. The concept of the effective back pressure was also
introduced in this work. This pressure was defined as the average pressure between
the jet interaction shock and the jet itself. It can be thought of as the pressure
to which the jet will expand after leaving its orifice. An expansion ratio was then
defined as the ratio of the static pressure at the jet exit plane to the effective
back pressure. Expansion ratios greater than unity indicate an underexpanded
condition, and those less than unity indicate an overexpanded condition. This work
was extended by Billig, Orth, and Lasky!”l to include the coordinates of the Mach
disk, the angular orientation of the Mach disk and the diameter of the jet after
expansion to freestream static pressure. The effective back pressure was found to
correlate the penetration of the Mach disk. Unfortunately, neither of these analyses
could be used to predict downstream mixing.

An experimental investigation of high-speed, normal jet flow fields was per-
formed by Rogers.!8:9] In these experiments, both single and multiple jet flow fields
were examined. Rogers found that the normal jet mixed and penetrated well, but
suffered large total pressure loss. The total pressure downstream of the jet was about
10 percent that of the freestream. Another major disadvantage of this scheme is
that the momentum from the fuel injection provides no thrust to the vehicle. Rogers

also found that closely spacing the jets significantly reduced the rate of mixing. He
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stated that this reduction was caused by ”the lateral restriction imposed by adja-
cent jets on air entering the mixing region from each side.”(8 He also found that
increasing the jet spacing from 6.25d to 12.5d made the mixing rate approach that
of a single jet.

Another scheme which has been studied injects the fuel parallel to the freestream
through a downstream facing slot. This flow field was recently studied by Kwok(1°
and Smith[!ll, This scheme has the advantage of low total pressure loss, but the
mixing and penetration of this method are poor. The momentum from fuel injection
contributes to the thrust of the vehicle in this case. This can comprise a significant
amount of the thrust in a hypersonic vehicle at high Mach numbers. 3!

In an attempt to gain the advantages of each injection scheme, King,Thomas,
Schetz, and Billig/'?! examined the flow field produced by a combination of par-
allel slot and normal injection. The normal jets were positioned to inject into the
injectant-free stream shear layer just behind the slot. At certain normal jet and slot
total pressures, large amounts of freestream air were entrained into the jets. The
increase in entrainment coincided with the appearance of large eddies in the shear
layer. It was concluded that simultaneous normal and parallel injection resulted in
better mixing than that of the slot alone.

Another compromise between normal and parallel injection is to angle the jet
downstream. McClinton!!3! studied arrays of closely spaced sonic jets at down-
stream angles of 90°, 60°, 45°, and 30°. He found that total pressure loss decreased
as the injection angle decreased. Also, the penetration and mixing were greater
at the lower downstream angles. Since McClinton’s tests were run at a constant

dynamic pressure ratio, lowering the injection angle caused weaker jet bow shocks,
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which in turn lowered the effective back pressure of the jets. This increased the
expansion ratio suggesting that it might be an important parameter in downstream
mixing.

Based on past work, the effect of injection angle and expansion ratio on low
injection angle, single jets in a supersonic crossflow was selected here for investiga-
tion. In order to simulate hydrogen fuel injection safely in the laboratory, helium

was used as the injectant.
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2. DESCRIPTION OF THE EXPERIMENT

2.1 General Description

Tests were conducted in a supersonic wind tunnel at the following free stream
conditions:
M, =3.0
Pioo = 6.5atm
Tico = 283K
Re =52.5x 10% /m

These conditions correspond to those of a hypersonic cruise flight vehicle oper-

ating at a Mach number of 9 and an altitude of 190 kft. The inlet diffusion ratio for
| this vehicle is three. Unfortunately, it was not possible to simulate the 5000 K total
temperature that would be found in the combustor of the actual vehicle. These
experiments are useful, however, to establish the trends and relative magnitudes of
the mixing and penetration, and to assess the influence of various parameters for
the flow fields of interest.

Tests were made on single, sonic, helium jets at downstream angles of 15° and
30° relative to the horizontal. Both injection angle jets were flush to the wind
tunnel floor. The total temperature of all jets was equal to 285 K. Jet exit pressure
was based on an estimation of the effective back pressure from Reference 14. This
estimation took the effective back pressure equal to the pressure on the surface of

a cone in the test free stream conditions where the cone half angle was equal to the
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injection angle. Test cases were run with the static pressure at the exit plane of the
jet equal to the estimated effective back pressure. These cases shall be referred to
as the matched pressure cases. Other cases held the jet static pressure equal to five
times the estimated effective back pressure. These cases shall be referred to as the
underexpanded cases. At each injection angle, both cases were documented.

Both spark schlieren and nanoshadowgraph methods were used to photograph
the flow fields. Photographs were made for approximately 100 jet throat diameters
downstream of the jet for each test case.

At axial locations 20, 40 and 90 je§ throat diameters downstream of the jet,
continuous vertical profiles of flow field quantities were made. Profiles were taken at
the jet centerline, and at three lateral stations off each side of the centerline. Spac-
ing between lateral stations was one jet throat diameter. Helium concentration,
Pitot pressure, cone static pressure, and total temperature were measured. He-
lium concentration, Mach number, local speed of sound, static temperature, static
pressure, density, flow speed, mass flux, total pressure, and total temperature were

calculated from this information.
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2.2 Facilities and Equipment

2.2.1 The Wind Tunnel

The present experiments were performed in the Virginia Tech 23 cm x 23 cm
Supersonic Wind Tunnel illustrated in Figure 2. The tunnel is a blowdown type
which exhausts to the atmosphere. It can be run at Mach numbers ranging from 2.4
to 4.0 and total pressures of up to 8 atm. A supply of air to be used in the tunnel is
compressed by an Ingersoll Rand Type 40 water-cooled, reciprocating compressor.
The compressed air is piped through a dryer to remove moisture and a prefilter to
remove oil. Particles of dust and dirt were removed by an afterfilter. The air is then
placed in sixteen steel tanks with a combined volume of 79 m?3 for storage. During
a run, the air from these tanks is released to a settling chamber by a computer-
controlled pneumatic butterfly valve. A hydraulic valve that is controlled by a
feedback servo control circuit sets and holds settling chamber pressure. Proper
valve position is determined by a control signal from a computer and a settling
chamber total pressure signal from a pressure transducer. This system allows a
variation of tunnel total pressure of less than four percent during a typical run. A
transition cone and set of five screens in the settling chamber reduce flow angularity
and turbulence. Next, air enters a two-dimensional, converging-diverging Mach 3
nozzle. For the present experiments, the bottom half of this nozzle is replaced by
a flat plate insert (see Figure 3). The nozzle has a throat area of 61.5 cm? and
is designed to compensate for boundary layer displacement thickness growth. The
flow then enters the test section which contained the model and instrumentation.

The test section is a 11.4 cm x 23.0 cm rectangular cross-section, constant area
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duct. The sides of the test section are covered by large doors which provide access
to the section and contained glass windows to allow schlieren and shadowgraph
photography of the flow field. Flow then enters a step diffuser and exhausts into

the atmosphere through an shrouded exit duct.

2.2.2 The Model

The model was designed to inject helium into a flat plate flow at downstream
angles of 15° and 30° relative to the horizontal. A gas supply system (described
in Section 2.2.3) injected compressed helium into a cubic plenum chamber with an
internal volume of 4929 cm3. The gas was injected into the flow through a sonic
nozzle with a conical, converging inlet. This nozzle is illustrated in Figure 4. The
half angles of the converging sections of the 15° and 30° injection angle jets were
14° and 24°, respectively. The throat diameter was 0.318 cm and was of constant
cross-sectional area for one throat diameter. Nozzles were drilled flush with the
tunnel floor into interchangeable nozzle blocks. The nozzle block covered the top
of the plenum chamber.

A test plate was bolted to the downstream side of the plenum chamber. This
plate was flush with the top surface of the plenum chamber and extended approxi-
mately 100 throat diameters downstream of the jet (see Figure 5). Slots in the plate
allowed a probe to move both laterally and vertically. The slots were located 45, 65,
and 115 throat diameters downstream of the jet. Probe sensors extended 25 throat
diameters upstream of the slots, thus allowing measurements at axial stations 20, 40
and 90 throat diameters downstream of the jet. The slots allowed probe placement

up to 12 throat diameters off the jet centerline. When in use, the slots were covered
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with a flat plate which allowed vertical movement of a probe. When not in use, the

slots were plugged flush with brass inserts and sealed with vacuum grease.

2.2.8 The Helium Supply System

Compressed helium was supplied by a bank of twelve, standard, commercial
helium bottles. All of these bottles fed into a common manifold. Manifold pressure
was reduced from a range of 34 to 170 atm to 20 atm by a Grove RBX 204-015
dome pressure regulator. This regulator required a reference pressure which was
provided by a regulated air bottle. The output pressure was monitored with an oil
filled pressure gage. A manually operated needle valve provided further pressure
reduction and fine tuning. Helium entered the plenum chamber through two 1.3 cm
diameter, straight, copper tubes which stood perpendicular to the bottom of the
plenum chamber. This system allowed less than four percent variation in the jet

total pressure.

2.2.4 The Traversing System

Probes containing transducers were automatically raised and lowered with a
computer controlled traverse system. The probe attached to a rack which could
only move vertically. The rack was geared to a Computer Devices 4D-9200A stepper
motor. This combination moved the probe 0.013 ¢m per step. The entire traverse
system was fastened beneath the model test plate. The motor was run by an
American Precision Industries DMA-64 controller. The controller was instructed
by a UAI 3071 Stepper command processor board which communicated with an IBM
PC computer through a standard RS-232C serial port. With the proper software,

the user could specify stepper motor speed, traversing distance and direction.
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2.3 Instrumentation

2.8.1 The Data Acquisition System

Conditioned voltages from the transducers used to measure flow field quantities
were read by a MetraByte DAS-16F, High Speed, Analog to Digital (A/D) conver-
sion board. This board was installed in an IBM PC computer with two 5.25 inch
floppy disk drives. The DAS-16 had 16 channels, each of which converted a 0 to 10
volt analog signal to a 12 bit binary number. Thus, the board had a resolution of
0.0024 volts. Voltage signals were read through a simple patchboard and converted
to integers which were read and stored on floppy diskette by a FORTRAN driver
program.

The DAS-16 also had two digital to analog (D/A) conversion channels, one
of which was used to supply a control voltagé to the wind tunnel total pressure
controller board mentioned earlier. Digital outputs on the DAS-16 were used to
activate a relay that opened the pneumatic butterfly valve on the wind tunnel, thus

initiating a run.

2.5.2 Stagnation Properties

Tunnel stagnation pressure was measured through a Pitot tube in the wind
tunnel settling chamber and converted to a voltage signal by a Setra Systems 0
to 100 psia, 50 mV/psia pressure transducer. A circuit in the transducer housing
filtered the signal voltage. This voltage was read by the DAS-16 A/D system, and

used by the wind tunnel servo-controller circuit.
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An Omega Type K thermocouple with a 0.13 mm bead measured tunnel total
temperature. The thermocouple was connected to an Omega Omni II 13 thermocou-
ple amplifier and electronic icepoint. The voltage from the icepoint was amplified
by an Ectron Differential D.C. Amplifier Model 562 and was low pass filtered by a
four pole Bessel filter with a cutoff frequency of 340 Hz.

Total pressure of the helium jet was measured with a Pitot tube in the injection
model plenum chamber. A Statham 0 to 100 psia PA822-100 pressure transducer
converted the pressure information into a voltage signal. The voltage was amplified
by the Ectron amplifier and filtered by the Bessel filter. An excitation voltage
was supplied to the transducer from an Ectron Model 516-5SG Excitation Power
Supply. Jet total pressure was also visually monitored using a Heise C-53332 Analog
Pressure Gage.

All conditioned voltage signals were fed into the DAS-16 A/D system.

2.8.8 Discharge Coefficient

In order to measure the discharge coefficient of each nozzle, the plenum chamber
was fitted with the appropriate nozzle block and connected to a single, commercial,
regulated helium bottle. Jet total pressure was measured with a Heise 0-100 psia
CMM-11112C analog pressure gage, and the helium bottle pressure was measured
with a Heise 0-4000 psia CMM-4386 analog pressure gage. Jet total temperature
was measured with an Omega Type K thermocouple which was fastened inside the
plenum chamber. The thermocouple was read with an Omega HH-80K thermocou-
ple thermometer. For an explanation and description of the discharge coefficient

measurement see Section 2.4.1.
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