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1. ABSTRACT

This report outlines an effort to understand the impact of inlet isolator physics on the combustion
of scramjet engines under actual flight relevant conditions in the take-over regime. We strive to
answer the fundamental question “what basic physics underlying the connection between inlet
isolator physics and combustion stability in canonical axisymmetric and/or rectangular
geometries are applicable to more practical systems?” More specifically, the objective of the
proposed work is to gain a fundamental understanding of the feedback mechanism between the
boundary layer structures and separated flow in the isolator and the corresponding combustion
dynamics that can lead to instabilities and/or unstart. An experimental effort is proposed where
unstart and combustion instabilities are investigated in an optically accessible axisymmetric
scramjet model in a free flow high enthalpy flow tunnel. The effort will be coupled with advanced
spatially resolved diagnostics of both the isolator and the combustor region to obtain critical insight
into the key physics, and potentially evolve into a foundational platform numerical analysis in the
future.

A robust and detailed characterization of the complex phenomena involved with scramjet
choking required a systematic year-by-year approach. Year 1 focused heavily on controlled
experiments of combustion-induced choking, specifically characterizing pseudoshock
development and propagation in a simple axisymmetric flowpath in a direct connect configuration
of the newly developed high enthalpy wind tunnel, ACT-2. In addition, work began on the design
and preliminary testing of a more complex, fully-integrated inlet-isolator-combustor constant area
axisymmetric scramjet model that could be tested in the semi-freejet configuration of the ACT-2.
Year 2 saw a more comprehensive effort towards the characterization of the semi-freejet choking
behavior at both high and low enthalpy conditions for reacting and non-reacting cases, including
isolator shock train behavior and combustor pseudoshock stability during mode transition.
Additionally, shock train dynamics in a rectangular geometry was explored at low enthalpy
revealing the differences betwee axisymmetric and three-dimensional pseudoshock behaviors.
Year 3 brought the lessons learned in the constant area axisymmetric scramjet geometry to bear,
as different non-canonical design features such as a flameholding cavity and diverging combustor
walls were implemented and tested. 1-D analysis provided insight into the design process and
validation between the experimental results and theory. The combustion performance using
enhanced design features was assessed, with an emphasis on choking thresholds and pseudoshock
propagation. Finally, a novel three-dimensional flowpath geometry, the perisymmetric scramjet,
was proposed and tested over the course of Year 3 into the final year of the project. Results of
these experiments were parametrically compared to that of the canonical axisymmetric scramjet,
which has served as the driving control geometry through the duration of the program.

2. INTRODUCTION

A canonical scramjet geometry, such as a constant area axisymmetric flowpath, allows for the
study of fundamental aspects of supersonic combustion without the influence of complex flow
interactions produced by dimensional changes of the flowpath. However, practical scramjet
flowpaths should be designed to produce stable and efficient (i.e. minimal total pressure losses)
combustion and sufficient heat release to net adequate thrust at flight conditions. Various
modifications to features of a scramjet flowpath geometry can be implemented and optimized to
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achieve this result, which would enhance its performance relative to a more canonical geometry.
A pair of supersonic combustor design features that are integral to the success of scramjet
performance are flameholding combustor wall cavities and diverging combustor walls. While the
high-level effects of these features are well-understood, their impact on combustor performance
when compared to the constant area, unmodified geometry has not been fully experimentally
quantified.

Flame stability of hydrocarbon reactions have been a major challenge in the development
of practical supersonic combustors [1]. The ignition, flame holding and combustion stabilization
for hydrocarbon fuels are challenging in scramjet combustors because the characteristic reaction
time scales of hydrocarbon fuels tend to be longer than the supersonic flow residence time.
Hydrocarbon fuels are favorable candidates for scramjet propulsion due to their high energy
density, general availability and easier handling [2]. Combustor wall cavities have long been used
as integrated fuel injection/flame-holding approaches for supersonic flame stabilization and
combustion performance improvement in scramjet engines due to their minimal system complexity
and performance detriment (i.e., total pressure losses) [3]. Wall cavities in scramjet combustors
can increase flow residence time and enhance fuel/air mixing rate by creating low-speed
recirculation regions and pools of hot radicals that reduce the induction time of chemical reactions
and serve as self-sustaining ignition sources [4]. The cavity flame-holding phenomena have been
widely studied with various fueling schemes and mixing enhancement strategies in rectangular
direct-connect supersonic combustors [5-7] and rectangular scramjet models [8].

Diverging walls serve to enhance the thrust-generating potential of a scramjet by increasing
the amount of possible combustion and heat release in the combustor and staving off the onset of
performance degrading boundary layer separation by relieving the combustion-induced pressure
rise. According to one-dimensional flow with heat release (Rayleigh flow), a constant area
combustor can only sustain a finite amount of heat release before the flow is driven to Mach 1 at
the exit, resulting in choked flow. Area divergence extends the threshold for choking, allowing for
more fuel to be burned in the combustor than in a purely constant area combustor. Billig developed
a quasi-one-dimensional pressure-area relation that analytically determined the maximum area
divergence of a supersonic combustor for maximum combustion efficiency (i.e. minimum entropy
rise), which would result in sonic conditions at the exit of the combustor [9]. It can be said that for
a large range of flight Mach numbers, area divergence is necessary to generate the maximum
amount of heat release through combustion and net the greatest potential for thrust.

There has been an increase in the interest in axisymmetric and elliptical geometries in their
use in practical scramjet flowpaths [10-16]. The benefits of such scramjet combustors compared
with rectangular combustors include undesirable effects from the hypersonic corner boundary-
layer effects, the increased structural efficiency, decreased structural weight required to withstand
a specified pressure/thermal load and the reduced wetted surface area needed to enclose a specific
cross-sectional area. Gruber et al. [4] characterized the flowpaths of a hydrocarbon-fueled
axisymmetric scramjet combustor with a wide operation range in a direct-connect supersonic
combustion facility. Smart and Trexler [10] proposed a hypersonic inlet with rectangular-to-
elliptical shape transition (REST) and tested the inlet performance in combination with an elliptical
combustor. Denman et al. [12] investigated the supersonic combustion of hydrocarbon fuels and
cavity flame-holding ability inside the scramjet with REST inlet at Mach 8 flight conditions. Due
to intrinsic limitations from complicated curved surface design/fabrication and test facility
operation conditions, optical accesses into the elliptical or axisymmetric scramjet models have
remained a significant challenge though it is necessary for investigation on internal flow and
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combustion dynamics in combustors. A new archetype of flowpath geometry inspired by both the
axisymmetric and elliptical geometries, the perisymmetric geometry, is proposed as a potentially
viable scramjet geometry. It combines the manufacturability of the axisymmetric geometry and
the improved injection penetration potential of the elliptical geometry. Additionally, it might be
supposed that the presence of corner flow effects may enhance the fuel-air mixing processes in the
combustor.

While the internal aerodynamics of hypersonic scramjet propulsion has been extensively
studied, one topic that eludes adequate characterization is that of its principal failure mode: inlet
unstart. Inlet unstart results in a catastrophic degradation of engine performance and total loss of
net thrust. In 2011, the flight of the X-51A, an experimental scramjet-powered vehicle, failed due
to unstart of its scramjet engine right after ignition [17]. In unstarted conditions, a normal shock
stands in front of the inlet, usually accompanied by large flow spillage that reduces the engine air
supply. The engine is incapable of providing useful thrust and massive wave drag is produced by
the choked inlet. Both external and internal factors can cause an inlet to unstart. External factors
are mainly related to the flight conditions of the vehicle and may include a reduction of the free
stream Mach number, excessive flow distortion (angularity, non-uniformity, etc.), pressure losses
induced by shock waves or boundary layer separation, etc. Internal factors are mainly related to
backpressure rise inside the engine as consequence of boundary layer separation or flow choking
or a combination of the two. Choking occurs when at a certain location in the flow field the Mach
number is lowered below unity and therefore is more likely to happen when the scramjet is
operating at low Mach number ranges, typically from 4 to 7.

Choking can be caused by a variety of phenomena like combustion heat release (thermal
choking), area blockage, mass injection, and/or flow irreversibilities. Once the flow is choked, a
re-adjustment of the inflow is necessary to recover steady operations. According to one-
dimensional inviscid theory, this adjustment is accomplished by the upstream propagation of a
single normal shock. In practice, due the viscous interaction with the wall boundary layer, the
single shock is usually split in a train of bifurcated normal shocks and/or oblique shocks know as
a pseudo-shock [18-21]. Pseudo-shocks have been classified in A-type [21] (typical of lower Mach
numbers) and x-type [22] (typical of higher Mach numbers) depending on their geometry. Unlike
a single normal shock, a pseudo-shock can be stabilized in a constant area channel provided that
its length is sufficient to accommodate the entire shock structure [23] (up 15 hydraulic diameters
at high Mach numbers). A constant area channel between inlet and combustor can therefore be
used to arrest the propagation of the pseudo-shock preventing it from reaching the inlet and causing
unstart. Such devices are known as constant area diffusers or isolators [24].

A significant number of studies on unstart were conducted in low enthalpy supersonic
facilities, inducing unstart artificially by area blockage [25-30] or mass injection [31-32]. These
results cannot be directly extrapolated to realistic scramjet flows, however they greatly contributed
to advance the knowledge on pseudo-shock structure and dynamics. The initiation mechanism of
blockage-induced unstart is well understood. The blockage generates a large adverse pressure
gradient that separates the boundary layer. The separated region interacts with the supersonic flow
introducing shock compression (shock-train). As the blockage is increased, the separated region
extends upstream and the overall compression on the supersonic flow becomes more and more
severe until it chokes. A propagation of a pseudo shock initiates and under certain conditions the
pseudo-shock can be arrested and confined in the isolator, but this is usually accompanied by
severe longitudinal oscillations and pressure fluctuations [33-36].
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Experiments of high enthalpy conditions with unstart initiated by combustion are less
abundant due to the limited availability of facilities able to produce suitable flow conditions. It is
well known that that constant area combustors at low inlet Mach numbers and high fuel
concentrations are subjected to unstart. The phenomenon was initially explained as thermal
choking, induced by an excessive combustion heat-release as predicted by Rayleigh theory.
However, the thermal choking explanation proved to be not fully exhaustive. Frost et al. [37]
observed unstart in a model of the HyShot scramjet at fueling rates at which the expected heat-
release was insufficient to cause thermal choking, therefore they proposed boundary layer
separation as triggering mechanism of unstart. Laurence et al. [38,39] performed similar tests on
a model provided with optical access and showed that shock propagation began before separation
was observed, ruling out separation as responsible mechanism for unstart initiation. They
attributed unstart initiation to ‘localized' thermal choking phenomena and suggested that steady,
one-dimensional theories (like Rayleigh flow) are not adequate to describe the actual flow in a
combustor due to its strong unsteadiness and three-dimensionality. Lee et al. proposed a
description of the onset of choking which takes into account the higher dimensionality of choking
flow, whereby he attributed the onset of global choking to a cascade of events triggered by
boundary layer-localized shock formation along ‘false-choke’ lines. Other notable contributions
to the study of unstart in reacting flows were given by O’Byrne et al. [40], Owens et al. [41] Mashio
et al. [42] Do et al. [43] and Im et al. [31].

In the current work, an assessment of combustion performance with a diverging combustor
with cavity is made, and in the scope of choking and unstart, choking threshold and pseudoshock
propagation. Lastly, combustion studies in the newly proposed and developed perisymmetric
scramjet geometry will be conducted to assess its performance against that of the canonical
axisymmetric geometry.

3. EXPERIMENTAL SETUP IN ACT-II

A. The Arc-heated Combustion Tunnel ACT-II

The experiments are conducted in the ACT-II hypersonic facility (see Figure 1) of the University
of Illinois at Urbana-Champaign. ACT-II is a pulsed, high-enthalpy (up to 4.5 MJ/kg), blowdown
wind tunnel specifically designed for supersonic combustion research. The facility consists of two
high-pressure tanks, where the working gases (nitrogen and oxygen) are initially stored, a hot-gas
generator (arc-jet type), a converging-diverging (C/D) nozzle, a test-section/combustor and a
vacuum tank where the gas is exhausted.

The arc-heater of ACT-II has a coaxial electrodes configuration with a cylindrical cathode
(lanthanated tungsten) and an annular anode (TZM alloy), separated by a ceramic constrictor. A
typical DC voltage of 550-600 V is initially applied between the electrodes, and when the gas is
injected, an electric discharge is initiated by voltage breakdown. In normal operations the arc is
ignited in argon and successively transitioned to nitrogen. Oxygen is injected downstream of the
anode and mixed with the heated nitrogen using a set of ceramic screens. This injection method
reduces the erosion of the electrodes (and the consequent contamination of the flow) by limiting
the formation of atomic oxygen in the arc chamber. The mixture, equivalent to air composition,
reaches thermodynamic equilibrium flowing at low speed through a plenum chamber and then is
expanded to supersonic speed by the C/D nozzle. The nozzle can be directly connected to a
combustor (direct-connect mode) or attached to a test-section to operate the facility in free-jet
mode. Arc voltage and current, plenum pressure and mass flow rates of freestream and fuel are
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acquired during each tunnel run. Depending on the flow conditions, the typical test time ranges
between 500 and 1000 ms. Further details about the facility and its performance are provided in
Refs. [44-46].

Figure 1. The ACT-II fc1llty

B. Free-jet Configuration and Test Conditions

A free-jet type scramjet (Figure 2) is installed in the open-type test section of ACT-II facility. The
axisymmetric (circular) scramjet model has an isolator of 254 mm in length, a combustor of 339
mm in length, and an internal flow channel of diameter 35 mm with a constant cross-section in the
isolator and the combustor. The conical inlet has an aperture angle of 20 deg and provides flow
compression by oblique shocks that continues throughout the isolator section.

Figure 2. An overview of the scramjet model with three inlet options, as well as
flameholding cavity and diverging combustor sections.
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The inlet can be replaced to change the area contraction ratios (CR), available values of
CR are 1.3, 1.6, and 1.9. An annular fuel injector is used to deliver the gaseous ethylene into the
supersonic crossflow. The injector is composed by an annular collector provided with 16 sonic
nozzles equally distributed in the circumferential direction. Each nozzle has a diameter of 0.75
mm and is vectored 45 deg downstream as in Figure la. A Kulite XTEL-190SM-50A sensor
measures in real time the pressure inside the annular chamber during the test. This pressure is then
used to compute the mass flow rate of gas injected using the sonic area relation. An axisymmetric
cavity was designed to provide flameholding and enhanced mixing conditions at the start of the
combustor. The cavity was designed with a length of 62 mm and a depth of 11 mm, with a closeout
angle of 22.5°. Injection was maintained upstream of the cavity, providing an initial length for
fuel-air mixing development before reaching the cavity.

Furthermore, diverging combustor geometries (matched length with the constant area
combustor) were designed and tested. Total divergence angles of 2° and 5° were tested. These
combustors were designed in a modular way that allowed interface with either the cavity or no-
cavity configuration.

Combustors and isolator were instrumented with pressure transducers at the wall. The
acrylic tubes are instrumented with 11 pressure transducers (Kulite XTE-190SM-5A) spaced 15
mm along the flow direction. The signal from the pressure transducers are filtered (20 kHz
bandwidth) and amplified through Dataforth 8B50 signal conditioners and acquired by a National
Instruments PCle-6363 data acquisition system.

Quantitative measurements of the flow stagnation enthalpy and Mach number are taken at
the combustor exit near the centerline. The Mach number is calculated from the simultaneous
measurement of pitot and static pressure near the exit using the Rayleigh-Pitot formula. The pitot
probe used consists of a metal tube (internal diameter 1.5 mm, outer diameter 4 mm, length 90
mm) with conical tip (30 deg) instrumented with a Kulite XTL-190-SM-5A pressure transducer.
The stagnation enthalpy of the flow is evaluated from heat flux measurements at the stagnation
point of a spherical probe using the Sutton and Graves correlation [47]. The heat flux probe is
composed by a metal cylinder with spherical nose (Cu-Ni alloy, radius 2 mm) instrumented by a
fast-response (1 ps) coaxial thermocouple Medtherm TCS-031-K flush mounted at the stagnation
point. Further details about the calculation of Mach number and heat flux can be found in Ref.
[48]. It is noteworthy that the pitot and heat flux probe are positioned in such a way to have
negligible blockage effect on the combustor flow. Table 1 outlines the freestream conditions
employed for the high-enthalpy tests.

Table 1. High Enthalpy Test Conditions

Freestream
Stagnation Temperature Tw 2540 K
Stagnation Pressure Po 118 kPa
Mach Number M; 448 -
Static Temperature T 503 K
Static Pressure P 407 Pa
Density pi 0.028 kg/m’
Velocity Vi 2023 m/s

7
DISTRIBUTION A: Distribution approved for public release



C. Optical Setup for Flow Visualization

Three types of flow visualization are used in this study, hydroxyl (OH) planar laser induced
fluorescence (PLIF) and high-speed plasma luminescence, and cold flow CO; planar laser
Rayleigh scattering (PLRS).

Hydroxyl radicals, formed during high-temperature combustion, can be regarded as
markers of combustion zones in supersonic reacting flows [49]. In this study, OH PLIF imaging is
carried out to visualize the flame structure in the combustor of the model scramjet. The OH-PLIF
setup is shown in Figure 3. The Q1(6) transition of the A?X*-XIT (1,0) vibronic band of the OH
molecule near 283 nm has been selected due to its low temperature-dependency [50]. A tunable
dye laser Sirah Cobra-Stretch CBST-P doubled in frequency, and pumped with the second
harmonic of a 10 Hz Nd:YAG laser Spectra-Physics Quanta-Ray Pro-250, has been used to
produce the desired laser radiation with pulse energy of 25 mJ.

The laser beam is converted into a thin (< 0.5 mm) sheet via an optical system consisting
of one cylindrical plano-concave lens (f = -30 mm) and two cylindrical plano-convex lenses (f =
125 mm and f = 500 mm respectively). The laser sheet is projected into the scramjet combustor
section from the model exhaust, in opposite direction with respect to the flow. An intensified
scientific complementary metal-oxide semiconductor (sSCMOS) imaging camera (Andor iStar-
sCMOS-18F-E3) is used to capture the laser-induced OH fluorescence with a gate width of 100
ns. The camera lens used for the imaging is an ultraviolet lens (Cerco UV 100 £/2.8) fitted with a
narrow bandpass filter (Asahi Spectra, ZBPA310) centered at 310+/-5 nm that covers the
wavelength of the laser-induced OH fluorescence.

§.p

{

Figure 3. OH-PLIF optical setup in freejet-model conﬁgur;tion.

The natural luminescence of the hot plasma in the isolator is imaged using a high-speed
camera (Photron Fastcam SA-5) provided with a 20 mm focal length lens. When the arc-heater is
on, a fraction of the free electrons produced by the electric discharge is not able to recombine in
the plenum chamber and survives the expansion through the nozzle. The free electrons contained
in the freestream emit broadband radiation, mainly by bremsstrahlung interaction with the heavy
particles. This emission can be exploited to visualize the flow. Despite line-of-sight integration,
the images obtained revealed to be very effective in visualizing the structure of shocks. This
technique is used in both reacting (fuel injection) and non-reacting cases (air injection) to study
the dynamics of the flow in the isolator and the propagation of the pseudo-shock in the combustor.
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4. RESULTS AND DISCUSSION
With Cavity Without Cavity

$=1.59

o IS 1500

Figure 4. Effect of cavity on flame profile for a 5° diverging combustor in a generic
axisymmetric scramjet design as observed using OH-PLIF
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This section gives an overview of the experimental results obtained. The first compares the
choking behavior induced by mass injection or heat release at high enthalpy conditions.
Emphasizing lessons learned in the previous two sections, the next section focuses on a scramjet
combustor design that optimizes combustion stability and efficiency.

A. Comparison of Choking Induced by Mass Injection and Heat Release at High Enthalpy
In this section, a comparison is made between the cases in which choking is induced by mass
injection and by combustion, with the intent of understanding if the nature of blockage has any
major effect on the flow dynamics. In order to make the comparison meaningful, air and fuel mass
flow rates have been selected in such a way to produce the same average pressure profile in the
isolator, as shown in Figure 5. It is useful to start the discussion having a look at the space-time
pressure distribution inside the model scramjet. Figure 6 shows the pressure distribution for both
non-reacting and reacting conditions. The plot covers the entire time lapse from the beginning of
injection to the unstart of the inlet. The pressure data are plotted on space-time maps combining
isolator and combustor.
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Figure 5. Average pressure distribution in the isolator with choked combustor.
Comparison between choking induced by mass injection (blue) and by combustion (red).
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Figure 6. Isolator and combustor pressure contour in x-t space for conditions with unstart
in a non-reacting (a) and reacting (b) flow.

The mass-choked (Figure 6a) and the combustion-choked (Figure 6b) pressure maps are very
similar to each other and qualitatively similar to the low enthalpy mass-induced unstart case
discussed in Ref. [51]. As injection is started, the blockage created by the jets induces boundary
layer separation in the isolator and a shock-train is formed. Simultaneously, the pressure in the
combustor rises until the flow chokes at the exit and a pseudo-shock is formed and starts
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propagating upstream. When the pseudo-shock enters the isolator it starts interacting with the
shock train, forcing self-sustained oscillations of the shock and pressure fluctuations. Ultimately
the shock system reaches the inlet and disgorges outside. After unstart of the inlet, the flow
becomes entirely subsonic throughout the model. Unlike the low-enthalpy case [51], the high-
enthalpy subsonic flow is characterized by periodic pressure fluctuations.
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Figure 7. Pressure contour of the isolator pressure fluctuations in a x - t space for a non-
reacting case. (a) Overview of the entire test. (b) Detailed view of 20 ms.
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Figure 8. Pressure contour of the isolator pressure fluctuations in a x - t space for a reacting
case. (a) Overview of the entire test. (b) Detailed view of 20 ms.
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Reducing the level of blockage, unstart is avoided and the self-sustained shock oscillations
continue indefinitely. An example is shown in Figure 8 for the reacting and in Figure 7 for the
non-reacting flow. Mass-choked and combustion-choked flows have remarkable similarities.
Figure 8b and Figure 7b show a detailed view of the pressure fluctuations over a time interval of
20 ms. The fluctuations in the two cases have same frequency and propagation speeds within the
uncertainty limits of the method used to compute them.

B.1. Isolator Shock Dynamics Visualization

The flow configuration in the isolator can be visualized using the plasma natural luminosity as
shown in Figure 9. The images show six different stages of the isolator flow, in a typical case with
inlet unstart caused by combustion heat release. When fuel injection is initiated, the backpressure
generated by the jet-crossflow interaction separates the boundary layer, creating a shock-train in
the isolator (Figure 9a-i). If the interaction is particularly strong, like in this case, the shock-train
extends upstream covering almost the entire length of the isolator (Figure 9a-ii). At this stage, the
boundary layer is separated by the leading shock but is able to reattach immediately downstream.
A new separation probably occurs at the impingement point of the second shock. When the flow
in the combustor chokes and the pseudo-shock propagates to the injectors, the isolator
backpressure is further increased, and the boundary layer separates completely. At this point the
images show large flow recirculation near the wall (Figure 9a-iii), with turbulent structures
convected periodically back and forth in both longitudinal and azimuthal directions. During this
phase, flames can be observed to propagate into the isolator through the separated region as in
Figure 9a-iv.

The longitudinal periodic migration of the gas in the separated region intensifies and,
interacting more effectively with the supersonic core, ultimately breaks down into a series of self-
sustained oscillations. The shock-train transitions from x-type to A-type as shown in Figure 9a-v.
The low speed region downstream the Mach disc, having higher density and temperature, appears
brighter in the images. The shock-train in Figure 9a-v has a total of five shocks with decreasing
size and spacing. This configuration corresponds to the phase of maximum stretching of the shock-
train. During the oscillations, the distance between the shocks is reduced until the entire shock-
train nearly collapses to a single normal shock (Figure 9a-vi). Depending on the amount of fuel
injected, the shock-train can either keep oscillating around a fixed location in the isolator or
propagate up to the inlet causing unstart. With unstarted inlet, the flow assumes the configuration
of Figure 9a-vii, characterized by a spatially uniform luminosity with fluctuating intensity at a
frequency of ~400 Hz. These fluctuations are most likely associated with the pressure waves
travelling through the isolator in unstarted conditions, as described in Sec. I1I.B. Despite the nature
of these phenomenon is still unclear, inlet buzz seems the most probable explanation. The same
qualitative behavior was observed also for the non-reacting case. This result is in agreement with
the pressure comparison of Figure 8 and Figure 7.
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Figure 9. Average pressure distribution in the isolator with choked combustor.
Comparison between choking induced by mass injection (blue) and by combustion (red).
Flow direction is from left to right.
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Figure 9b shows isolator imaging during the propagation of the pseudo-shock, for both
reacting and non-reacting conditions. The objective is to verify if the different shock propagation
dynamics in the combustor has an impact on the isolator shock-train behavior. The sequences of
Figure 9b are taken at 10 kHz in the same nominal conditions as Figure 6. They span a total time
of 2.4 ms during which the pseudo-shock is propagating through the combustor. Under these
conditions the shock-train is in the configuration of Figure 9b, with a strong x-type leading shock
positioned in the front part of the isolator. The images show that the dynamics of the shock-train
is very similar in the two cases. The shock-train undergoes small oscillations (less than a diameter
in amplitude) with a frequency of 1250 Hz. This similarity suggests therefore that, at least at this
stage, the characteristics of the pseudo-shock propagation are not affecting significantly the
isolator dynamics that is dominated by shock-boundary layer interaction.

B.2. Combustor Shock Propagation

The post-choking propagation of the pseudo-shock in the constant area combustor was studied by
plasma luminosity imaging at 20 kHz. Figure 10 shows an example of the pseudo-shock
visualization for both non-reacting Figure 10a) and reacting (Figure 10b) cases.
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Figure 10. Pseudoshock visualization in constant area combustor for a) non-reacting and b)
reacting cases.

In the non-reacting case, all the radiation is produced by the hot plasma. Upstream of the
pseudo-shock it is possible to notice the development of the air jets from the injectors, running
streamwise along the wall. The pseudo-shock appears as an intensification of the brightness due
to the density rise caused by the shocks. In the reacting case, the light intensity is much larger and
partially saturated the camera. At this intensity scale the plasma luminosity is almost invisible and
most of the light results from OH" and CH* chemiluminescence. Upstream it is possible to
distinguish the head of the shock-train followed by the dissipative region, where a combination of
lower speed and high temperature accelerates the combustion process and the production of
combustion radicals. Figure 10a shows a comparison between the propagation of the pseudo-shock
in the non-reacting and the reacting case. Each sequence is composed of 51 images equally spaced
in time for a total duration of 12.5 ms. In the non-reacting case (NR), choking was induced
injecting a mass flow of air equal to 34% of the inlet mass fraction, whereas in the reacting case
(R) ethylene was injected at an overall equivalence ratio ¢=2.0. These two cases were selected for
comparison because they have similar propagation time through the combustor. From the images,
it is evident that in the non-reacting case the shock propagation is regular with nearly uniform
velocity, whereas in the reactive case the shock follows a more complicated pattern.

Setting a threshold on the image intensity it was possible to quantify the shock position as
function of time, as shown in Figure 11b, and compute the propagation speed by differentiation
(Figure 11c). Both cases have a similar average speed, -20.8 m/s for the non-reacting and -17.3
m/s for the reacting but the standard deviations are 8 m/s and 41 m/s respectively. Furthermore,
the propagation speed in the reacting case alternates positive peaks (as high as 66.3 m/s) and
negative peaks (as high as -113.1 m/s) with an average frequency of 555 Hz. The velocities shown
in Figure 11c are absolute, i.e. computed in the laboratory frame. Therefore, they are the
combination of the flow velocity and the shock speed relative to the flow. Anyway, since the
pressure measurements did not reveal any significant fluctuation upstream of the pseudo-shock,
the flow speed is expected to be nearly constant in the combustor, and the velocity variations in
the reactive case would be actual variations of the shock speed. Similar to the observations made
about the direct-connect combustor, combustion heat release is expected to have a prominent role
on the irregular propagation of the pseudo-shock, making the prediction and analysis of the
choking process much more difficult. The irregular pseudoshock propagation can be attributed to
combustion instability and was identified as an issue that should be addressed in a realistic dual-
mode scramjet design operating in the takeover regime.
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Figure 11. Average pressure distribution in the isolator with choked combustor.
Comparison between choking induced by mass injection (blue) and by combustion (red).
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C. Scramjet Design

For a scramjet operating safely and

efficiently near mode transition and Cavity: high efficiency mixing during transition
unstart, several performance criteria must
be met. Principal among these is
combustion stability and the need for
more complete detection and control of
transition and potential unstart mitigation.
Figure 12 lists the parameters needed to
be considered in scramjet design, which
include the fuel injection to supersonic FuelInjectioninto supersonic core:
core, cavity flameholding arrangement, low momentum & pressure loss
and the area relief to accommodate the
combustion heat release. The cavity
flameholder reduces the combustion
induction time and improves the overall
flow mixing. Proper combustor area relief is necessary to optimize the combustion heat addition
process and stabilize the flame downstream of the cavity flameholder, i.e., to maximize the
combustion efficiency to obtain the potential performance of scramjet engines. Billig [9] defined

Area Relief:
» transitiontobein
diverging section

Figure 12. Parameters considered in
scramjet design.
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the optimal heat addition process in scramjet combustor based on pressure-area relationship, i.e.,
the least entropy rise for a give stagnation temperature rise and set of initial conditions, which can
be realized for the case of sonic condition at combustor exit. The combustion efficiency can be
enhanced by improving the fuel-air mixing rate, flow residence time, static pressure/temperature
of supersonic flows in the combustor that decrease the Mach number along the flowpath in

supersonic flow regime.
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Figure 13. Scramjet operational diagram
with the sonic condition at combustor exit.

Combustor performance analysis
shown in Figure 13 indicates that there
exists no solution for the 5-deg combustor
to choke at the combustor exit at any
given combustor entry Mach number and
ideal combustion heat addition rate at
equivalent fully premixed equivalence
ratio. Theoretically, the 5-deg combustor
with current length cannot be choked by
combustion heat loading at current flow
total enthalpy condition. The
experimental observation confirms the
theoretical prediction and evidences the
potential choking location for scramjet
combustor with cavity flameholding and
excessive area relief, i.e., the cavity
region. In addition, the diverging
combustor with excessive area relief

tends to have fast Mach number increase and static temperature/pressure drop along a short
flowpath, which will potentially quench or freeze the ongoing high-temperature combustion

reactions.

The combustion in 2-deg combustor is more efficient than that in 5-deg combustor in this
study. As shown in Figure 14, the 2-deg diverging combustor choking at a smaller ¢ compared to
the 5-deg diverging combustor. Interestingly, the 5-deg combustor does not choke at its peak
combustion heat addition into the supersonic flow but at extremely impractical high fuel loading
when its combustion efficiency and heat addition into the core flow are low.
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Figure 14. Normalized heat flux measurements with 2-deg and 5-deg
diverging combustors.
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Intense flame chemiluminescence indicates the initial choking location as shown in Figure
15, the choking occurs in the diverging combustor section and propagates upstream until the cavity
flameholder in the 2-deg combustor, while the choking occurs inside the cavity region (close to
the ramp side) and no flame propagation is observed in the 5-deg combustor. Therefore, the
choking event and unsteady flame propagation in 2-deg combustor are mainly induced by
excessive heat addition into the core flow as indicated by the heat flux measurement; in contrast,
the choking event in 5-deg combustor mainly results from excessive total pressure losses from
extremely strong jet-induced bow shockwaves and recompression shock at cavity ramp, which
decreases the Mach number in the supersonic core inside the cavity region, rather than combustion
heat addition in the diverging section.

22 Combustor (¢=1.6)

Ui
[=]
O
o
3
o
c
wn
—~+
o]
=
w
=

time

o
-

[
L

250 s

| d
%

frr
11111000

Figure 15. High-speed flame chemiluminescence at choking limit.

Given the same fuel mass flow rate below the choking limit and flow conditions at the
isolator exit (i.e., combustor entry), the Mach number at combustor exit is much higher than one
for the 5-deg combustor than that for 2-deg combustor, i.e., the combustion process in the 2-deg
combustor with a cavity flameholder is closer to the optimal process. It is noteworthy that the
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unsteady flow dynamics occurring in the cavity and diverging combustor section results from the
pseudo shock dynamics during the inlet-isolator-combustor interaction.
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Figure 16. OH-PLIF images of steady-state flames in 2-deg diverging combustor.

Resolving detail flame structures and distributions are necessary to further understand the
cavity influences on combustion dynamics although the cavity enhances the overall combustion
and impacts the combustor performance as quantified by static pressure measurement on the
combustor wall, total pressure and heat flux measurements at the combustor exit. Figure 16 shows
the flame structures at steady state are resolved using OH PLIF imaging in three fields of views
(F.O.V.) with/without a cavity flameholder at various ethylene fueling rates.

18
DISTRIBUTION A: Distribution approved for public release



It is observed that the cavity promotes the transition of laminar-like flame fronts to large-
scale flame structures and direct the fuel into the core of the flow in the diverging combustor.
Without a cavity flameholder, a laminar flame structure is sustained over a longer distance in the
constant area combustor downstream of the fuel injection before the transition to large-scale
turbulent flames. The increased ethylene fueling rate promotes the flame front transition process
inside the constant-area section. With the presence of a cavity, the flame fronts are perturbed
immediately from the cavity leading edge due to expansion waves and shockwaves introduced by
the cavity. The fuel-air mixing near/above the shear layer originating from the cavity leading edge
is further enhanced by the shear layer instability and the shockwave-shear layer interactions. At
the cavity trailing edge, a recompression shockwave developed above the cavity ramp deflects the
fuel-air mixtures/shear layer toward the core of the flow, which cannot be observed in the
configuration without a cavity. The large-scale flame structures enhance the fuel-air mixing
processes by entraining massive oxidizers into fuels, stretching fuel-air interfaces, increasing the
interfacial areas, and/or steepening the local concentration gradients in molecular diffusion
processes [52]. As shown in Figure 16, the hydroxyl radicals indicating the ongoing high-
temperature combustion reactions fill the combustor core in the most downstream field of view at
¢ = 1.26 without a cavity. In contrast, the intense combustion spreads over the entire combustor
volume downstream even at fuel lean condition ¢ = 0.82 with a cavity in this study. These
observations are consistent with the quantitative measurements using pressure transducers and heat
flux probe.

The axisymmetric scramjet with a cavity flameholder and a diverging combustor (cone
angle 2 deg) is experimentally investigated with: (1) no fueling, (2) air injection and (3) ethylene
injection at various fueling rates. Parallel experiments are carried out at the same fueling schemes
with the cavity flameholder replaced by a constant cross-section tube. Figure 17 presents the
pressure distributions along the flowpath downstream of the fuel injection port in scramjet
combustor configurations with and without a cavity flameholder.

The combustion stabilization in a generic 2-deg diverging combustor configuration has
been achieved by the cavity flameholder as indicated by comparisons between the pressure
distributions with and without a cavity. With an axisymmetric cavity flameholder, the pressure
profiles have a peak (local maxima) in the cavity ramp region and another peak in the diverging
combustor region. The first pressure peak at the cavity ramp results from the shear layer
impingement on the cavity ramp while the second peak originates from the combustion heat
addition. In supersonic flows, the combustion heat addition decreases the flow Mach number while
the area relief increases the flow Mach number; whether the Mach number decreases or increases
depending on the combined effects from the combustion heat addition rate and the combustor area
relief. The static pressure increases with the decreasing Mach number along with the flow path.
The ordinary differential equation of the static pressure without the wall friction term for constant
specific heat and molecular weight term from Shapiro [53] is

2
d_P: yM . [d_A_(H_}/_le]ﬂ]
P 1-M°| 4 2 T
where P is the static pressure, M is the Mach number, A4 is the combustor cross-section area, and
T} is the flow total temperature. For M >1, the combustion heat addition dominating the process

leads to dP/P>0 , ie., [1+(7/—1)M2/2]d7;/T, >dA/A , as evidenced by the pressure
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distribution shown at x = 450-600 mm in Figure 17 a) and )b with overall equivalence ratio ¢=1.26.
The local maximum pressure value increases with the fueling rate (¢=0.81-1.26) results from the
increased combustion heat addition while the combustor geometry is unchanged. Downstream of
the local pressure maxima in the diverging combustor, most of the injected fuel has been consumed
in combustion and the combustor area relief dominates the aerodynamic process. The area
expansion increases the flow Mach number in the supersonic core and decreases the static pressure
along the flowpath. The combustor downstream of the maximum pressure location behaves as an
expansion section at x > 650 mm. In contrast, these phenomena are not observed in the combustion
configuration without a cavity flameholder shown in Figure 17 c¢) and d). The cavity flameholder
can enhance the supersonic combustor performance by promoting the fuel-air mixing, enhancing
heat transfer rate from the boundary flow region to the supersonic core, and reducing the
combustion induction time by flow preheating and potential radical supply to flow downstream
from flow recirculation region in the cavity. Due to the lack of such mechanisms for combustion
enhancement in flow configuration without a cavity, the combustion heat addition in the diverging
combustor is not sufficient to compete with the area relief effect, which results in the continuous
pressure drop along the flowpath. In addition, the pressure distributions are not sensitive to the fuel
mass flow rate due to the insufficient fuel-air mixing as shown in Figure 17 c).
(a) (b)
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Figure 17. Pressure distributions in a model scramjet with a),b) a cavity flameholder, and
¢),d) without a cavity flameholder.

As the aerodynamic parameters of supersonic core flow in the diverging combustor
determine the critical operating condition leading to the flow choking and scramjet operational
mode transition, quantitative heat flux and total pressure measurements are conducted in the
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supersonic core flow at the combustor exit to assess the combustor performance enhanced by the
cavity flameholder.
Figure 18 shows the heat

With cavity flux measurements at the
stagnant point after a normal
Pu/P3 =01 . . .
P/Pa =02 shock in various ethylene fueling
Pu/Py =03 rates. The normalized heat flux
‘g*jgizgj is linearly related to the total
Piy/Py = 0.6 flow enthalpy and hence an
. g:‘gfigh Flow explicit  indicator of  the
= Air combustion heat addition. It is
clearly observed that the
‘ : = pressure rises in the diverging
0.5 ! 15 2 . combustor result from the
ua b ~ fueling increase combustion heat release. With
the cavity, the normalized heat
No cavity flux increases by 50% with the
 PBy/Ps—01 increase of the fueling rate until
ﬁnﬁm = gg the flow is choked at ¢= 1.6 and
/P =0 above. With the air injection, the
e Puy/P3 =05 total flow enthalpy decreases
= o Q’;‘/ ]1: ’i;_h: 1:913“ with the air mass flow rate due to
e C.H, the cooling effect of the room-
m Alr temperature air. The normalized
heat flux with air injection is

05 1 15 9 approximately half of that with

het/hes > fueling increase ethylene injection at equivalent
¢ = 1.3. Interestingly, the
cooling effect from air injection
is more apparent with a cavity
flameholder compared to that
without a cavity. As the cavity enhances the injectant-freestream mixing, the heat transfer from
the supersonic core to the cold injectant is more efficient and the flow enthalpy in the core flow is
lower.

Figure 18. Heat flux measurements at core flow
stagnation point downstream of combustor

Figure 19 shows the typical scramjet operation mode transition from the dual-mode scram
to the ram mode, which corresponding to the descending phase of hypersonic flight. The pressure
measurements are conducted in the model scramjet with a 2-deg diverging combustor. The
scramjet transition can be divided into three phases, i.e., the flame propagation phase, ram-mode
phase and the unstart phase. In a typical test, the fuel is injected at the time of 0.26 s and the fuel
mass flow reaches to its maximum and steady condition at 0.33 s. With the increasing of ethylene
fueling rate below the choking limit, the combustion stabilizes inside the diverging combustor as
indicated by the high-pressure region in the pressure contour. Pseudo shocks develop once the
flow is choked by excessive heat release and the unsteady shockwaves propagate upstream until
the cavity flameholder region. The flame and shock propagation in this phase are highly unstable.
Once the flame propagates into the cavity, the strong combustion and flow blockage introduce
back pressure that is sufficient high to separate the flow inside the isolator, as indicated by the
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high-pressure region in the pressure contour upstream of the cavity zone. The isolator is sufficient
long to accommodate the pseudo shocks only during the 0.32-0.36 s. Around the 0.36 s, the pseudo
shock is close to the scramjet inlet and the unsteady boundary layer separation starts to interact
with the inlet. The unsteady flow dynamics drive the pseudo shock further upstream until a bow
shock develops upstream of the inlet, which is called scramjet unstart. Once this bow shock
develops, the flow compressed by the shock is spilled and the incoming mass flow rate is
decreased. The combustion may exist inside the isolator region due to the reverse flow during an
unstart event. As the incoming oxygen mass flow rate is decreased and the fuel mass flow rate is
constant, the combustion intensity decreases at this time frame and results in lower flow blockage
and weaker back pressure rise. The standing normal shock will be swallowed by the inlet and the
air mass flow rate entering the scramjet engine increases. The combustion will recover due to the
increased oxygen supply upstream. Once again, the increased combustion introduces strong heat
release and choke the flow again. This entire process is cyclical, as indicated by the intense periodic
oscillation over the entire internal flow channel of the scramjet model. Therefore, the flow
oscillation is the totality of the scramjet inlet-isolator-combustor interactions. Further investigation
on the flame dynamics during the unstart processes needs to be fully resolved and the strategy for
unstart control needs to be proposed.
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Figure 19. Pressure contour in the x-t plane during the scramjet dual-mode transition process.

B.3. Comparison Between Axisymmetric and Perisymmetric Flowpaths

In this section, the comparison of flow dynamics in scramjet models with axisymmetric and
perisymmetric cross-sectional shapes is presented. Figure 20 depicts the cross-sectional shape of
the perisymmetric scramjet model. The perisymmetric cross-section incorporates 2 walls with
constant curvature which forms the sharp corners around the joint at the top and bottom. The
perisymmetric shape is inspired to improve the fuel penetration and mixing into the core flow,
which is one of the issues associated with the axisysmmetric scramjets. Figure 21 shows an
overview of axisymmetric and perisymmetric scramjet models. Both models have an inlet with
CR=1.9, an isolator of 200 mm in length, a combustor of 300 mm in length. The isolator of the
perisymmetric model is instrumented with the pressure transducers on the top and middle lines to
quantify the spatial distribution of the wall pressure. Table 2 summarizes the freestream
conditions used for the comparison.
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Table 2. High Enthalpy Test Conditions (Axi vs Peri)

Freestream
Stagnation Temperature Tio 2540 K
Stagnation Pressure P 220 kPa
Mach Number M, 4.48 -
Static Temperature T 503 K
Static Pressure P 760 Pa
Density p1 0.053 kg/m?
Velocity Vi 2023 m/s

Figure 23. An overview of the axisymmetric (top) and perisymmetric (bottom) scramjet
models.

Figure 24 shows the averaged wall pressure data measured for the axisymmetric and
perisymmetric scramjet models. For the axisysmmetric model, the pressure in the isolator is not
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disturbed at ¢ < 1.63. However, an increase in ¢ to 1.69 creates the pressure disturbance traveling
into the isolator. It is assumed that this pressure rise attributes to the pseudoshock located in the
isolator. At ¢ >1.69, monotonic decreases of the pressure in the combustor is clearly observed,
which indicates the presence of thermal throat and the subsonic acceleration towards downstream
(ramjet mode). The pseudoshock is located more upstream as the value of ¢ increases, resulting in
the rise of the isolator pressure. It is believed that the inlet is still started at ¢ =2.02 because of the
monotonic pressure increase in the isolator. Similar to the axisymmetric model, the isolator
pressure of the perisymmetric model is not disturbed at ¢ <1.47. However, the pressure measured
at the combustor entrance is 16.1 kPa at ¢ = 1.47 which is 121 % higher than that of the
axisymmetric model measured at ¢ = 1.46. In addition, the pressure in the combustor of the
perisymmetric model exhibits a monotonic decrease at ¢ =1.47. Therefore, it is suggested that the
more intense combustion happens in the combustor of the perisymmertic model due to the
enhanced fuel penetration and mixing. The isolator pressure of the perisymmetric model finally
reaches the high-pressure value at ¢ =1.91, indicating the occurrence of inlet unstart.
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Figure 25. Averaged wall pressure data for (a) axisymmetric and (b) perisymmetric scramjet
models.
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5. NCSU Contribution

A. Overall objectives and goals
The contribution of NCSU team is to analyze UIUC data to unravel the fundamentals of unstart
initiation and propagation from the perspective of flow physics. Through the analysis, the
following questions are examined to elucidate the flow physics associated with unstart initiation:
» For the 2D axisymmetric test article considered, does the boundary layer separate prior to
unstart initiation?
» If yes, where would the separation most likely occur?
» If yes, at what conditions does the flow separation most likely to occur (e.g., in scram
mode, ram/scram transition, ramjet, etc.)
» Can flow separation occur in started operation?

The other aspect of the analysis deals with the flow interactions that facilitate the propagation and
drive the pseudoshock dynamics during its propagation. The following questions are addressed:
» For the 2D axisymmetric test article considered, what is the contribution of turbulent
combustion on the dynamics of the unstart propagation?
» Through what mechanisms do the isolator pseudoshock train and combustor dynamics get
coupled during unstart and how do they impact the pseudoshock dynamics during
propagation?

The final aspect of the NCSU contribution relates to the development of high-speed pressure
imaging to study the unstart event, which could be employed to track the initiation and propagation
of the unstart. This tool will be extended to high-enthalpy flow applications and will be used to
image the unstart event in a time-resolved manner.

B. Data available and Approach outline

The following data is available from a series of experiments performed at UIUC on a 2D
axisymmetric inlet/isolator test article prior to and during an unstart event:

» Simultaneous pressure in isolator and flow luminosity within isolator

» Simultaneous pressure in combustor and flame luminosity within combustor

» Non-synchronized but simultaneous pressure in isolator and flame luminosity in combustor

With these datasets, the elements of analysis that was performed varied for different study
objectives. For the analysis that involved unraveling the physics of unstart initiation included:
» Obtain the pressure profiles at various operation modes and prior to unstart initiation (as
close to initiation as possible)
» Analyze if the thermal choke pressure responds to the upstream and downstream
oscillations of the combustion zone, which can in turn impact the unstart onset pressure;
» Perform stream-thrust averaged computations following Shapiro and Smart as well as 2D
RANS to match the experimental pressure profiles (ongoing)
» Once matched, investigate the computations predict a mean flow separation for the given
pressure profiles (ongoing)

For the analysis to unravel the isolator/combustor coupling, the analysis procedure comprised
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» Compare the pressure oscillation and pseudoshock oscillation amplitudes with mass
addition and combustion induced unstart to unravel the impact of combustion oscillations
on pseudoshock dynamics

» Analyze the origins of the pseudoshock oscillations by comparing the power spectra of
isolator pressure fluctuations and pseudoshock oscillations before and during unstart and
unstart induced by mass addition and combustion.

The following provides highlights of the main findings of the effort. Since the analysis on the inlet
unstart initiation is ongoing, only the isolator/combustor coupling mechanisms are highlighted n
this report.

C. Details of isolator/combustor coupling mechanisms

First, we did an elimination procedure to see if the oscillations frequency are fed by the flowfield
and geometry or inherent thermoacoustic oscillations. To this end, we obtained the pressure
oscillations within the combustor for the cases without combustion (examining base
flowfield/geometry), with combustion but without unstart getting as close to unstart limit as
possible (examining inherent thermoacoustic oscillations) and combustion with unstart (examining
the coupling between isolator shock train with combustion unsteadiness). Figure 26 shows the
power spectral density of wall pressure fluctuations at a representative location within the
combustor (all other locations have the same PSD signature). It can be seen that no discernable
peaks occur at isolator shock oscillation frequencies in both baseline flowfield and combustion
without unstart case allowing us to eliminate flowfield and baseline thermoacoustics as the
causative mechanisms for unstart shock oscillations. We do see a clear peak in the combustor
pressure oscillations at 400 Hz (subharmonic of unstart shock oscillations) when we have an
unstart event. So, the question is what mechanisms within the isolator/combustor coupling cause
this to happen.

Comb. unstart 400 Hz
e ."’

6=0

Comb. started
10 ™~

10 L 1 !
10 10° 10
f(Hz)

No comb.

Figure 26: Wall pressure fluctuation PSD inside the combustor for three situations: no
combustion, combustion without unstart and combustion with unstart
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To examine the isolator/combustor coupling, we examined the mass addition driven unstart case
where the flow blockage was maintained constant during unstart. In other words, there is no
feedback of pressure fluctuations into the isolator due mass addition. We present one
representative case of mass addition strength where the shock goes through a full unstart beginning
from the started inlet, going through highly oscillatory unstart shock motions, followed by full
unstart with subsonic flow within the entire isolator. Figure 27 shows the wall pressure time trace
measured inside the combustor, one station close to the cavity flame holder and other close to the
tail end of the combustor, along with the corresponding shock position within the isolator.
Summarily, we observe that during the oscillatory unstart shock oscillatory phase, there are
corresponding large pressure fluctuations in the combustor section that are especially strong at the
combustor beginning (near to the cavity flame holder). The change in the pressure in the location
closest to cavity where the ram-mode combustion happen can be up to 30%. In other words, the
shock oscillations within the isolator cause pressure oscillations on the order of 30% in the
locations where combustion occurs. In the combustion situation, this pressure oscillation
magnitude is sufficient to modulate the combustion behavior and heat release rate to establish
feedback.
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Figure 27: Wall pressure time trace inside the combustor during after unstart and the
corresponding unstart shock trajectory

In the specific case of heat addition another mechanism may be active. The upstream shock motion
will result in an increased heat addition required for choking, Q*, per Laurence et al. (2013). This
causes the sonic throat to shift downstream in the combustor for the same heat addition rate, and
in turn causes the unstart shock to move downstream. The situation is reversed with the
downstream shock motion and the sonic throat quickly moves considerably upstream causing the
unstart shock to propagate upstream. This feedback loop is further enhanced by the heat addition
changes due to pressure modulations as the unstart shock train oscillates within the isolator. At
this point we do not have a measure of exact sonic throat location to validate this postulate;
however, the time series of intense combustion location provide a qualitative consistency of this
hypothesis.
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Figure 28: Illustration of the isolator/combustor coupling mechanism to explain the unstart
shock oscillations

Hence, we believe that the oscillatory nature of unstart with combustion is caused by a feedback
loop between the unstart shock and sonic throat oscillations with additional contributions from
heat release and the corresponding back pressure changes. It should be noted that this is a
rudimentary picture and in the near future, we will get to the details and nuances to validate and
enhance this postulate. We are also analyzing the unstart pressure data to uncover the existence of
nodes downstream of the leading shock leg that form critical locations to coupling the isolator and
combustion pressure fluctuations.

The final question is if the 800 Hz isolator shock train oscillations is what one would expect to
happen. To examine this, we note that there is a Mach disk in the center core when the leading
unstart shock legs intersect, as seen in the black region of the figure. Hence, we establish a subsonic
core as well as a subsonic separated flow region that extends through the isolator and into the
combustor where the flow reaches Mach 1 due to combustion or simply due to mixing. A
representative length scale of the subsonic region is between isolator mid-length through middle
of combustor where the sonic throat is typically formed during ramjet operation. We use the
resonant frequency expression following Newsome (1984) that provides an estimate of the
dominant acoustic oscillation frequency.

f =57 (1= Mys)(1 + M)

Using normal shock relations to obtain My and the estimate of the freestream speed of sound, we
observe the shock oscillation frequency should be about 1300 Hz. It should be noted that this is a
first order estimate and exact values of many of the variables in the above equation are
approximate. Despite this, the proximity of the predicted and observed shock oscillation values
indeed suggest that the shock oscillations are driven by acoustic resonance to begin and is
subsequently coupled to the sonic throat oscillations through the feedback loop.
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6. FUTURE PLANS

In futures years, we hope to advance our study to investigate novel Flowpath geometries
bridging fundamental studies on scramjet choking and unstart and realistic scramjets. Such
geometries will be inspired by and derived from practical applications of scramjets, with the aim
of optimizing the performance of scramjets beyond that offered by simpler, more canonical
geometries. Tests similar to those conducted on axisymmetric and rectangular geometries will be
conducted to characterize the internal flow during incipient choking and choked conditions. An
effort to compare cases solved using 1D choked flow models to experimental results in
axisymmetric and higher dimensional geometries will be undertaken to validate predictive tools
for unstart threshold and choking location in addition to revealing the effects of higher dimensional
flow on the choking process.
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