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Introduction

A SCALE model of the strutjet device for a rocket-based
combinedcycle (RBCC) was built and tested to investigatethe

mixing of the streams as a function of distance from the strut exit
plane in simulated sea-level takeoff conditions. The planar laser–
induced � uorescence (PLIF) diagnostic method was employed to
observe the mixing of the simulated turbine exhaust gas with the
gases from both the primary rockets and the ingested air. The ratio
of the pressure in the turbineexhaust to that in the rocketnozzle wall
at thepointof their intersectionwas the independentvariablein these
experiments. Tests were accomplished at values of 1.0 (the origi-
nal design point), 1.5, and 2.0 for this parameter, and images of
the degree of mixing were taken at eight locations downstream of
the nozzle exit plane. The results illustrate the development of the
mixing zone from the exit plane of the strut to a distance of about
18 equivalentrocket nozzle exit diameters downstream (45.72 cm).
These images show the mixing to be con� ned until a short distance
downstreamof the nozzle for a single nozzle geometry set. The lat-
eral expansionis more pronouncedat pressure ratios of 1.0 and 1.5,
indicating that mixing with the ingested air� ow would be likely to
begin at an L/D of approximately 1 downstream of the nozzle exit
plane. Of the pressure ratios tested in this research, a value of 2.0
delays the mixing until an L/D of approximately2 and was the best
value at the operating conditions considered.
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This researcheffort focusedon the mixing behaviorof rocket and
turbine exhaust jets in the RBCC strutjet concept during a simu-
lated sea-level takeoff condition.The strutjet propulsion concept is
designed to operate in four different modes: ducted rocket or air-
augmented mode, ramjet mode, scramjet mode, and a pure rocket
mode.1 The strutjet approach to RBCC propulsion depends upon
fuel-rich � ows from the rocket nozzles and turbine exhaust prod-
ucts mixing with the ingested air for successful operation in the
ramjet and scramjet modes.

In the air-augmented rocket mode that is of interest here, the
mixing of the fuel-rich turbine exhaust with the ingested air should
be delayed to prevent thermal choking in the expansion section of
the engine. The nozzle arrangement investigated in this research
was designed to achieve this end by injecting the turbine exhaust
between the rocket plumes to shield the fuel-rich turbine exhaust
from the ingested air and delay the heat release. This con� guration
was intended to promote mixing in the vertical direction (among
the turbine and rocket exhausts) before they mix with the ingested
air. The goal of this research was to determine the effectivenessof
the chosen geometry in delaying mixing with the ingested air in the
air-augmented mode of operation.

Experimental Setup
Flow Section

This research was done with a 1
6 th-scale model of one strut

equipped with two simulated rocket exhausts � owing heated air and
one simulated turbine exhaust between them, � owing heated CO2

(Fig. 1). The area ratio of the rocket nozzles is 4.65 and the turbine
nozzle is 1.184. The turbineexhaust plane is locatedupstreamof the
rocket exhaust plane (Fig. 2). The � ow from the turbine intersects

Fig. 1 Test con� guration.

Fig. 2 Nozzle con� guration.
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the rocket � ow upstreamof the rocketnozzleexit plane.At this loca-
tion, the area ratio of the rocket nozzle is 2.99. The design chamber
pressures were chosen such that the turbine exhaust intersects the
rocket � ow where each has the same local pressure. We also tested
the in� uence of the pressure ratio (pturbine=procket ) of the exhaust
gases at the point of contact, performing the measurements at three
values of the ratio, 1.0, 1.5, and 2.0.

We chose a similarity parameter of convective Mach number as
a means to achieve the same mixing behavior in the scaled experi-
ment as in a representativesize system. Papamoschou and Roshko2

experimentallyfound this similarity parameter for supersonic shear
layer growth rates. A convective Mach number of 0.6, determined
for each test at the pointwhere the two � ows intersected,was chosen
for the experiments as representative of the full-scale engine.3 The
choice of modeling parameter dictated the selection of many of the
independentvariables in the experiments.

We selected PLIF as the diagnostic technique. The turbine � ow
was simulated using CO2 gas. It was supplied to the model at a
mass � ow rate of 4:54 £ 10 2 kg/s and 6.12 atm. Laboratory-grade
acetone was introduced as the seedant upstream of the model. The
seedant was kept at a constant molar fraction of 11%. The CO2 gas
was heated to 422 K stagnationtemperature to prevent acetone from
condensing in the nozzle.

Both the rocketnozzle � ow and the turbine� ow requiredthe same
stagnation temperature to maintain the convective Mach number at
0.6. An air� ow of 0.91 kg/s was delivered to each rocket nozzle at
422 K and a total pressure of up to 51 atm.

The model was placed in a rectangularduct (about4 £ 4 in. cross-
section) with an aluminumtop and bottomand transparentsidewalls
(Fig. 1). The sidewalls are modular, with interchangeablesections,
to allow easy access to the model and permit direct observation of
the � ow. The duct has a two-dimensional bellmouth inlet open to
the atmosphere, providinga smooth ingested air� ow. The assembly
discharges the � ow into free air through a 10-in.-diam duct.4

Diagnostics

The PLIF diagnostic method was used to visualize the mix-
ing of the gas � ows. This involved exciting the acetone with UV
radiation at a wavelength of 266 nm provided by a frequency-
quadrupled Spectra-Physics Quanta-Ray GCR290 Nd:YAG laser,
emitting pulses of 10 ns at a rate of 10 Hz. The UV beam was made
into a laser sheet 8.89 cm high and about 500 ¹m thick by means of
a convex and a cylindrical lens and guided to the test location. The
imaging location was positioned axially along the duct by moving
the last prism and the two lenses (Fig. 3).

Sections of the duct sidewall on the laser side were � t with a
fused silica window (8:89 £ 8:89 cm) to permit minimal loss of the
beam energy before encountering the � owing gases. These special
sections were located at axial locations from the nozzle exit plane
to 22.9 cm downstream and 45.7 cm downstream of the nozzle exit
plane. The excited acetone vapor � uoresces, emitting broadband
radiation at wavelengthsbetween 300 and 700 nm. The � uorescent

Fig. 3 Laser setup.

signal was collected over a bandwidth of 300–495 nm to eliminate
interference from scattered 266 and 532 nm laser light. This range
of wavelengthsaccountsfor about80% of the � uorescenceradiation
energy, ensuring that a signal of suf� cient strength is available for
collection.5 The opposite side of the duct consisted of a single piece
ofPlexiglas® mounted to allowanunobstructedview for thecamera.
This sidewall will absorb the remainder of the UV radiation, and a
visible short pass (VSP) � lter in front of the camera absorbs light
with a wavelengthover 495 nm. Finally, the signal was collectedby
a Princeton Instruments ICCD camera.

Acetone � uorescencehas a lifetimeof less than 4 ns. Acetonealso
phosphorescesat wavelengths similar to the � uorescence, albeit at
a much greater lifetime of about 200 ¹s. The phosphorescence in-
terferencewas rendered negligible by gating the intensi� ed camera
around the laser pulse (10 ns) at 13 ns. This also eliminated inter-
ference from surrounding light sources.

Experimentation
Tests were performed for the three pressure ratios (1.0, 1.5, and

2.0) between the rocket and turbine nozzles.With the chamber pres-
sure of the turbine nozzle maintained at 6:67 § 0:34 atm, the rocket
chamber pressures were set to 37.4, 24.9, and 18.7 atm, respec-
tively, to achieve these pressure ratios. The pressure at the point of
intersection for these operating conditions yielded 1.78 atm in the
turbine exhaust and 1.78, 1.18, and 0.89 atm, respectively, in the
rocket nozzle.

Fluorescent Signal

Fluorescencefromacetoneforweakexcitationcanbe modeledby
the followingrelationship,showing the wavelengthand temperature
dependencies6:

.¸; T / D ´opt[E=.hc=¸/] dVcnabs.T /¾ .¸; T /Á.¸; T /

where S f is the intensity of the � uorescence,´opt is the overall ef� -
ciency of the collectionoptics, E is the laser � uence (J/cm2), (hc=¸)
is the energy (J) of a photon at excitation wavelength ¸, and dV c is
the collectionvolume (cm3 ). The temperature-dependent quantities
are nabs , the number density of absorbing molecules (cm 3); ¾ , the
molecular absorption cross-section of the tracer (cm2); and Á, the
� uorescence quantum yield.

Because the optical setup is the same for all tests performed,
the overall ef� ciency of the collection optics, ´opt, was assumed
to be constant. The laser � uence, E , was also assumed to be a
constant, because the laser energy was monitored and kept at the
same level for all tests and the dimensionsof the laser sheet entering
the test section were constant. The energy of the photons (hc=¸)
depends only on the wavelength of the laser light and is therefore
also constant. The term ¾ .¸; T / Á.¸; T / [de� ned as S¤

f .¸; T /] has
a relativelysmall dependencyon temperature for the rangeexpected
to occur in the experiment. The maximum variation is about 10%
for the temperature range (300–450 K) of the experiment. The term
dVcnabs is equal to the number of tracer molecules hit by the laser.
Because the laser sheet had the same dimensions for all tests, this
term is proportional to the density of the acetone in the CO2, and
because the molar fraction of the seeding is constant, the term is
also proportional to the density of the entire simulated turbine � ow.

This implies that if there is a variation greater than 10% in the
� uorescence signal, this must be due to a variation in the density of
the acetone in the turbine � ow. This density change can be caused
by an event like a shock or expansion wave, which does not nec-
essarily mean that mixing has taken place. Therefore the images
were normalized to the total � uorescencesignal of the picture. This
provides a picture that shows the percentage of acetone molecules
hit by the laser within each pixel of the image. High values in an
image will then indicate the presence of a concentrated core � ow,
and low values will show that the turbine � ow has spread out.

Processing of the Images

One image that was considered most representative of the run
was retained from each test run. The software from Princeton
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Fig. 4 Normalized images of the mixing.

Instruments (WinView 1.6.2) used to operate the camera was also
used for further processing of the images. The background re� ec-
tionswere removedby subtraction,then the imageswerenormalized
to the total � uorescencesignal. All the negativevalues in the image,
caused by small differencesbetween the background image and the
background of the � uorescence image, were � rst set to 0 to further
reduce the in� uence of the background. The total signal was then
determined by adding the values of all the pixels with a value of
over 10% of the maximum value in the image. The threshold was
set at 10% to minimize the contribution of the background to the
total.

Results
The resulting images can be seen in Fig. 4. These images have

been resized to the same scale to enable comparisons of the turbine
� ow distribution.The pressure ratio (pturbine=procket ) for each test is
shown on the left and the image locations are measured from the
exit plane of the strut.

In all cases, the conditions at the exit plane are quite similar. The
turbine � ow is clearly expanding into the rocket nozzles, forming
a shape best described by the letter “I.” At a pressure ratio of 1.0,
the turbine nozzle � ow is compressed vertically and experiences a
strong lateral expansion. The � ow appears almost completely dis-
persed at a distance of 5.1 cm. As the pressure ratio increased, the
vertical expansion of the turbine � ow (in the plane of the nozzle
wall divergence) appears enhanced. The greater the pressure ratio,
the greater the lateral expansion at the top and bottom of the “I,”
where the simulated rocket and turbine � ows intersect. This lateral
expansionof the turbine � ow appears better de� ned, in general, for
the pressure ratio 2.0 case and remains more or less intact to a dis-
tanceof at least 5.1 cm downstream.The pressuredifferentialwould
appear to be initiating a vortex � ow at the point of intersectionwith
the rocket nozzle � ow. In all cases, the turbine � ow is virtually dis-
sipated by the time it reaches the 17.8 cm downstream location, but
the higher the pressure ratio, the less the dispersion of the turbine
� ow into the surrounding nozzle and ingested air � ows.

Conclusions
The operating pressure ratio (pturbine=procket ) had a measurable

effect on delaying the mixing distance for the one speci� c con� gu-
ration of the rocket and turbine exhaust nozzles tested. The turbine
exhaust gas exhibited increasinglywell-de� ned con� nement of the
core � ow andgreaterdistancerequireduntil full dispersionof theex-
haustwas realizedas thepressureratio was increasedfrom1.0 to 2.0.
This may be explainedby either of two phenomena:1) Because the
rocket nozzle pressure was controlled by the plenum pressure, the
nozzle mass � ow rates varied inversely with the pressure ratio be-
tween the turbine exhaust and the rocket. Because the nozzle pres-
sure ratios (stagnation to the pressure at the point of intersection)
remained constant and the static temperature of the � ows was held
constant, the momentum of the nozzle � ow also decreased in direct
proportion to the increase in the pressure ratios. Consequently, the
greatermomentumof thenozzle� ow in thecasewherepressureratio
equals1.0 servesto con� ne theverticalexpansionof the turbine� ow,
with consequentincreased lateral expansionand more rapiddissipa-
tion. 2) The vortex � ow initiated where the � ows intersectmay play

a role in containing the central � ow of the turbine � ow to a greater
distance downstream than is the case for the pressure ratio of one.
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Introduction

F URTHER space exploration is centered on rocket engines that
operate with powerful propellants based on oxygen. Because

propellant combinations involving oxygen are nonhypergolic, the
provision of engines by a simple and reliable ignition system is one
of several topical problems. Additionally, where engines for upper
stage and space system applicationsare concerned, the introduction
of an ignition system with the possibility of multiple starts is also
fundamental.1

In liquid-oxygen (LOX)-based engines ignition is usually real-
ized through a torch, where spark ignition is consideredas the most
suitable for multiple starts. However, it is provided at the cost of
large amounts of hardware for two independent subsystems � uid
and electrical,and henceassuranceof the systemreliability is not an
easy task. In 1970Phillips et al.2 produceda torch ignitinga gaseous
oxygen–hydrogen mixture inside a resonance tube (resonance igni-
tion). By that time it was known that a gas jet accelerated through a
sonic nozzle could provoke inside a deep cavity (resonator) shock-
wave oscillations with heat release suf� cient to ignite propellant
mixtures.3 5

The resonance ignition is attractivebecauseof the extremely sim-
ple con� gurationand possibilityof multiple ignitions.However, op-
erating the ignitionsystem with gaseoushydrogen(GH2) is coupled
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