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Investigation of Supersonic Combustion with Angled
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Self-ignited supersonic combustion experiments have been performed using a cavity-based injector in the T3 free-
piston shock tunnel, using various combustor inlet and fuel-flow conditions. Planar laser-induced fluorescence on the
hydroxyl radical and fast-acting pressure transducers are used to investigate the flow characteristics. Four hydrogen
injectors are located upstream of an open cavity. The separated shear layer reattaches, generating an oblique shock
at the cavity’s trailing edge and establishing the major flow structure. The normalized pressure rise due to
combustion increases as the equivalence ratio increases and the freestream stagnation enthalpy decreases, over the
range of conditions tested. Angled injection upstream of the cavity allows the cavity to act as a flame holder. High
injection pressure helps to ignite immediately upstream of the injector and forms two flame layers over the cavity.
The fluorescence peak signal shows periodic maxima near the cavity, and the interval between peaks decreases as the
equivalence ratio is increased. Low-total-enthalpy conditions also exhibit longer ignition-delay distances.
Comparison of fluorescence images and static pressure measurements indicates that, at these conditions, the heat
release is mostly initiated by the shock wave from the cavity’s trailing face and the ignition above the cavity does not
have a strong influence on the downstream combustion.

Nomenclature
D = depth of the cavity
ho = total enthalpy of nozzle reservoir
L = length of the cavity
M = Mach number
P = pressure
T = temperature
u = velocity
Ughock primary shock speed
P = density
P equivalence ratio
Subscripts
o = stagnation condition
00 = freestream condition
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I. Introduction

HE scramjet is an engine being actively researched for use in

aircraft and future space transportation systems operating at
speeds of about Mach 4 and above. At these flight velocities, the
incoming air should maintain supersonic speed within the combustor
to prevent excessive dissociation of nitrogen and oxygen gases at the
high temperatures caused by slowing the freestream flow to subsonic
speeds. Therefore, the available time for fuel-air mixing and
combustion is limited to times on the order of 1 ms, which makes
maintaining supersonic combustion a difficult task [1,2].
Consequently, the realization of this engine is strongly linked to
the design of fuel injection, fuel-air mixing, and combustion
processes in the combustor. To this end, researchers have conducted
studies into fuel injection, fuel-air mixing, and supersonic
combustion over several decades, but no general consensus exists
on the most efficient method of injecting fuel into a supersonic flow
to ensure efficient combustion.

Several methods have been used in scramjet research for enhanced
mixing and flame holding, including transverse injection from the
wall, shock-enhanced mixing by generation of baroclinic torque,
generation of axial vorticity of the airstream using swept-ramp
injectors, and generation of streamwise vorticity using alternating
wedges [3—10]. The simplest injection method is transverse injection
from the wall. This method leads the fuel jet to interrupt the
supersonic crossflow and results in a bow shock in front of the
injector. The wall boundary layer upstream of the injector is
separated, and fuel and air mix subsonically in this region [11,12].
This subsonic region plays an important role as a flame holder in
transverse fuel injection. The fuel-injection method provides not
only sufficient fuel-air mixing but also low aerodynamic drag in the
combustor. Transverse injection, especially at high flight Mach
numbers, has the disadvantage of causing large total pressure losses
due to the bow shock generated by the fuel jet. A modification of the
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transverse-injection scheme, dual-injection systems have a higher
mixing rate and greater penetration into the airstream but have more
losses of total pressure than a single-injection system [13,14].
Another method for mixing and flame holding uses a backward-
facing step near the injectors [15,16]. Use of a backward-facing step
helps to ignite the fuel—air mixture and generates a large subsonic
recirculation region with hot gases near the fuel-air interface. This
configuration can sustain combustion once it has ignited but may also
cause total pressure losses in the same manner as transverse injection
and increase pressure drag by the low pressure at the backward-
facing step. On the other hand, angled fuel injection helps to enhance
the fuel-air mixing and reduces the total pressure losses compared
with normal injection by generating a weaker bow shock. The angled
jet’s axial momentum can also contribute to the net engine thrust
[17]. Angled injection may experience significant variations in self-
ignition position and flame stabilization, depending on the total
enthalpy of the incoming airflow [12,18]. Lobed strut injectors have
been employed with some success to improve mixing by generation
of streamwise vortices in the core region of the combustion chamber
[19]. In recent years, cavity fuel injection has been employed within
supersonic combustors. For example, CIAM (Central Institution of
Aviation Motors, Moscow) used a cavity downstream of a ramp
injector and found significant improvement of the hydrocarbon
combustion efficiency [20-24]. Also, several experimental studies
have been published by the U.S. Air Force Research Laboratory
verifying the potential of cavity injection for encouraging mixing and
flame holding at flight Mach numbers around Mach 6 [25-27].
Another experimental program, conducted in the same facility as the
experiments described in this paper, performed experiments in a
model scramjet cavity combustor with hydrogen fuel injection from
the downstream wall of the cavity in the reverse direction to about the
Mach 4 incoming flow [28,29]. In that study, fluorescence of the
hydroxyl (OH) radical was used to visualize the flow, and OH was
shown to originate in the shear layer above the cavity. This
experiment showed that there was no significant OH signal in the
cavity, and injecting fuel into the cavity in a direction opposite to the
airflow did not act as a flame holder. However, at the conditions
investigated, hydrogen ignited very rapidly within the shear layer
and flame holding was not necessary.

The main purpose of this study is to investigate the combustion
characteristics of a scramjet engine using angled hydrogen injection
upstream of the cavity. Hydroxyl fluorescence images and floor static
pressure measurements provide information about the ignition
location and the effect of heat release within the combustor caused by
this injection configuration.

II. Experimental Arrangement
A. Description of the Model Cavity Supersonic Combustor

The model cavity supersonic combustor used in this study consists
of a 500-mm-long rectangular duct with a constant cross section of
52 by 25 mm, as shown in Fig. 1. This model does not have any
compression by intake and thrust surface, and the nozzle-exit
conditions generated by the shock tunnel are designed to simulate
realistic combustor entrance conditions for flight at Mach 11.4 at an
altitude of 29 km. The inlet of the model scramjet combustor is
located at the exit of the facility’s Mach 4 contoured nozzle during
the test time. The cavity is installed on the bottom wall inside the
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combustor, 152.5 mm downstream of the inlet. It is 5 mm deep and
has a 22.5 deg rear ramp angle. The length-to-depth ratio of this
cavity is 4.8, which qualifies it as an open cavity [20]. The length is
defined as the distance from the cavity’s leading edge to the midpoint
of the rear ramp wall.

A Ludwieg tube is used for the fuel-injection system, as it provides
uniform hydrogen injection conditions throughout the duration of the
tunnel operation. The Ludwieg tube was filled with gaseous
hydrogen fuel at room temperature and an initial fuel pressure that
decides the global equivalence ratio for the experiment. A fast-acting
valve was triggered from the recoil of the tunnel, opened 50 ms
before the arrival of test flow in the combustor with an injection
duration of 100 ms. For the freestream conditions used in these tests,
the shortest steady-flow test time is 0.5 ms. The fuel-injection
duration is, therefore, much greater than the test gas duration in the
shock tunnel, and so the mass flow rate of fuel in the combustor is
roughly constant throughout the tunnel run. The fuel is injected
sonically from four 2-mm-diam ports located 20 mm upstream of the
cavity’s front step, at an angle of 15 deg to the horizontal. The space
between injectors is 10 mm and the space between the outermost
injectors and side walls is 11 mm. The total temperature of the fuel jet
is ambient room temperature. UV fused silica windows were
installed on the top wall and one side wall of the combustor for
acquiring planar laser-induced fluorescence (PLIF) images [28]. The
laser sheet enters the top window and an intensified charge-coupled
device camera (Princeton Instruments PI-ICCD) captures the
transmitted OH fluorescence signal through the side window.

Sixteen fast-acting piezoelectric pressure transducers (Piezotronic
PCB type 113M125) were used to measure the floor static pressure
during the experiment. One pressure transducer for measuring
incoming flow to the combustor was located 70 mm downstream of
the inlet, another pressure transducer was located within the cavity,
15 mm downstream of the cavity’s leading edge, and 14 combustor-
wall pressure transducers were installed from 233 mm downstream
of the inlet along the centerline at intervals of 20 mm. The first six
transducer locations can be seen in Fig. 1.

B. The T3 Free-Piston Shock Tunnel Facility and Flow Conditions

The experiments were performed in the Australian National
University’s T3 free-piston shock tunnel [30], shown schematically
in Fig. 2. A free piston, driven by high-pressure air in the reservoir
tube, compresses the driver gas in the compression tube, which is
filled with a mixture of 20% argon and 80% helium. As the piston
approaches the end of the compression tube a steel diaphragm,
initially separating the test gas in the shock tube from driver gas, is
ruptured by high-pressure driver gas. As soon as the steel diaphragm
is ruptured, a strong shock wave propagates along the shock tube and
accelerates the test gas until the gas is stopped by the shock reflection
from the end of the shock tube. The high-pressure, high-temperature
gas at the end of the shock tube acts as a reservoir for the Mach 4
contoured nozzle.

The shock tunnel is a pulsed facility, and test time is restricted by
the shock-tube volume and the mass flow rate through the nozzle.
Constant-pressure test time in T3 is typically between 0.5 and 2 ms,
depending on the desired freestream total enthalpy. Two major
effects that reduce the test time are initiation of uniform flow at the
nozzle exit and the contamination of the test gas by the arrival of the
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Fig. 1 Schematic of cavity scramjet combustor.



1260

Dump Tanl§ Test Sfction Nozzle
i

Shock Tube D‘””:}”‘g‘“

JEONG ET AL.

Compression High-Pressure
Tube Piston, Reservoir
- \

A4

Fig. 2 T3 free-piston shock tunnel.

driver gas in the nozzle flow. According to previous T3 scramjet
work [31], the test gas did not show driver gas contamination at a
total enthalpy of 4 MJ/kg until more than 4 ms after shock reflection.
The total enthalpy conditions for this experiment are between 3.82
and 6.45 MJ/kg, as previously mentioned, and so the incoming flow
into the combustor should not be affected by the driver gas at the
nominal test time of 1.5 ms. In this study, total test time was assumed
to occur for 0.5 ms between 1.25 and 1.75 ms after the reflection of
the shock wave at the nozzle reservoir, as the nozzle-reservoir
pressure was within 2.5% of the average value throughout this
interval. The laser for the PLIF imaging was triggered 1.5 ms after
shock reflection, in the middle of this time interval, to allow the
combustor flow sufficient time to establish. More detailed
information about the T3 facility and the techniques used to
determine the inflow conditions is contained in [29].

A converging—diverging nozzle is connected to the end of the
shock tube to generate the Mach 4 flow. Shock speed and nozzle-
reservoir pressure were measured using piezoelectric pressure
transducers. These pressures are used as the inputs to the equilibrium
shock-tube code (ESTC) [32] and the STUBE [33] nozzle code, to
determine the flow conditions at the nozzle exit. To investigate the
supersonic combustion process with different inflow conditions, the
nominal fill pressure of the test gas in the shock tube determined the
flow conditions at the combustor entrance. Hence, in this paper, total
enthalpies of 6.45, 5.16, 4.48 and 3.82 MJ/kg were generated using
different shock-tube fill pressures. The calculated stagnation and
inflow conditions are summarized in Tables 1 and 2.

As mentioned in the preceding section, the equivalence ratio was
changed by using different initial pressures to fill the Ludwieg tube
with hydrogen gas. For example, when the total enthalpy is
6.45 MJ /kg, nominal hydrogen fuel fill pressures of 900, 1500, and

2500 kPa correspond to global fuel-air equivalence ratios of 0.13,
0.22 and 0.44, , respectively. As the total enthalpy decreases, the
equivalence ratio also decreases because the air-mass flow rate
increases. The detailed global equivalence ratios at each incoming
flow condition are summarized in Table 3.

C. PLIF System

The hydroxyl (OH) radical is formed as an intermediate during
high-temperature combustion reactions and is used as a marker of
zones where the combustion is ongoing [34]. The fluorescence from
OH can be used to determine where ignition occurs, an important
characteristic in the design of a supersonic combustor. In OH PLIF, a
frequency-doubled Nd:YAG laser operating at 532 nm is used to
pump a Spectraphysics PDL2 dye laser using a mixture of
rhodamine 590 and rhodamine 610 dyes that can operate over arange
of wavelengths between 560 and 570 nm. The radiation from this dye
laser is frequency-doubled to generate radiation between 280 and
285 nm, where A2X; < XTI (1,0) rovibronic transitions can be
excited. This laser system has a pulse duration of 8 ns. The beam is
formed into a sheet using a combination of a cylindrical lens and
spherical lens and passes through an aperture to generate a well-
defined intensity distribution, then enters the duct. The thickness of
the laser sheet is 0.32 £ 0.04 mm. This laser sheet is located above
the second injector from the side window and starts from 5 mm
upstream of the injector. There was no attempt to obtain quantitative
OH mole fraction measurements in this study, though several
corrections to the raw signal were made to make the OH signal as
good a qualitative indicator of OH concentration as possible.
O’Byrne et al.[28] detail the equipment used to generate and detect
the PLIF signal and the image corrections used to normalize the

Table 1 Shock-tube and nozzle-reservoir flow properties

Shock-tube fill pressure, kPa Ugnock, kKM/s hy, MJ/kg Py, MPa Ty, K

50 2.57 +£0.03 6.45+0.14 15.7 £ 0.68 4422 + 64

75 2.36 +0.03 5.16 +0.03 15.0 +0.46 3855+ 18

100 2.23 +£0.04 4.48 £ 0.06 15.5+0.28 3483 + 37

125 2.04 +£0.01 3.82 +£0.06 15.4 +0.64 3087 £ 41

Table 2 Combustor inlet conditions
hy, MJ/kg P, kPa T.,K Poos kg/m? Uy, M/S M

6.45 1r+7 1667 £ 55 0.23 £0.01 2952 + 28 3.71 £0.03
5.16 100 + 4 1280 + 14 0.27 £ 0.01 2680 + 07 3.83 £0.01
4.48 98 £2 1095 + 23 0.31 £0.01 2513 £ 15 3.87 £0.01
3.82 92 +4 899 + 16 0.35+£0.01 2347 £ 17 3.97 £0.01

Table 3 Fuel-injection conditions

Fuel fill pressure, Fuel plenum pressure, Fuel-injection pressure,

Equivalence ratio

hy=6.45 MI/kg hy=5.16 MI/kg h, = 4.48 MJ/kg

hy = 3.82 MJ/kg

kPa kPa kPa

900 631 £21 333 £ 11 0.13 0.13 0.12 0.11
1500 1104 + 17 583 +9 0.22 - - -
2500 1906 + 33 1005 £ 18 0.44 0.42 0.41 0.37
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images for spatial nonuniformity in the laser sheet. The OH-PLIF
signal is detected using an intensified charge-coupled device (ICCD)
camera. The intensifier gate time was set to 50 ns to filter out
luminosity from the tunnel flow and chemiluminescence from the
combustion in the duct. A Schott WG305 filter was used in front of
the camera lens to reduce the detected laser scatter and resonant
fluorescence, and a UG11 filter was used to reduce the effect of
broadband flow luminosity.

III. Results

A. Visualization
1. No Fuel Injection

The characteristics of only airflow over the cavity with no fuel
injection were investigated initially, to compare with the fuel-
injection case. Figure 3 is the luminosity picture, obtained in the
absence of laser excitation, using nitrogen as the test gas. As shownin
the left picture, the shear layer over the cavity no longer remains
parallel with the floor, but deflects downward toward the rear wall of
the cavity. As previous studies have shown, the boundary layer
separates from the cavity’s leading edge and forms a free shear layer.
Here, a part of the inflow moves into the cavity and generates a
recirculation zone, whereas the other part of the inflow passes over
the trailing edge. Figure 3 does not indicate the presence of
compression waves at the leading edge. This result is consistent with
schlieren images produced by Ben-Yakar and Hanson [35]. Their
research showed that the leading-edge compression waves observed
for the rectangular cavities with L/D = 3 and 5 do not exist with an
angled back wall cavity at a main-flow Mach number of 3.5 because
angling the trailing face prevents strong acoustic waves from
propagating longitudinally along the cavity. Therefore, in this
experiment an expansion wave is generated at the leading edge,
based upon the direction of the shear layer deflection. The deflected
shear layer near the trailing edge reattaches at the inclined wall and
creates a high-pressure region, shown by the strong luminosity signal
in the image. This is consistent with the expected behavior of an open
cavity. The shock wave generated at the ramp impinges on and
reflects from the top wall of the duct, continuing to propagate along
the duct.

2. Nonreacting Flow

Injecting the hydrogen fuel into a nitrogen tunnel flow allows us to
investigate the effect of fuel injection and mixing in the absence of
combustion. Figure 4 shows the luminosity image with fuel
injection. The flow condition shown in this image has a freestream
total enthalpy of iy, = 6.45 MJ/kg and a fuel-air equivalence ratio
of ® = 0.13. According to previous research, with mass injection in
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the cavity, the shear layer thickness (and momentum thickness) is
sufficiently large to prevent any vortex roll up or any large downward
deflections of the shear layer, thereby preventing external flow
impingement upstream of the cavity’s trailing face [36]. This study
also supports those previous findings, and the luminosity image of
Fig. 4 shows the generation of a strong oblique shock at the end of the
cavity’s trailing face. This results from the existence of low velocity
of fuel in the cavity, and, therefore, the shear layer from the leading
edge does not deflect to the middle of the cavity’s trailing face, but
reattaches near the end of the cavity’s trailing edge, generating an
oblique shock. The high-pressure and high-temperature region
behind this oblique shock can also act as an ignition source.

3. Reacting Flow

To generate supersonic combustion in the combustor, air is used as
the test gas, at the same nominal flow conditions as for the nitrogen
tests described previously. This experiment has no additional
ignition spark source to generate the flame and induces autoignition
by the combustor inflow temperature of more than 1000 K. The
supersonic flame structures vary from one tunnel run to the next, as
expected for turbulent combustion, but the overall behavior is similar
for different tunnel runs at the same experimental condition.

Figure 5 shows the OH-PLIF images for all equivalence ratios and
total enthalpies. The vertical and horizontal plots in Fig. 5 are
horizontal and vertical signal counts averaged along the height and
width, respectively, of the PLIF image. These plots clearly show the
extent of the combusting portion of the shear layer and the distance
over which OH generation occurs in the flow. The laser sheet for OH
PLIF starts from the point of fuel injection and is approximately
60 mm long. The OH signals are easily distinguishable from
background luminosity and chemiluminescence. A region slightly
downstream of the laser sheet is included in the images to allow a
direct comparison of the relative size of the fluorescence and
chemiluminescence signals. Note that for each of the images the
color map has been scaled to the maximum number of camera counts
for that image. This maximum value is shown next to the color bar at
the top right of each image. In Fig. 5c, higher signals than the
maximum count of Fig. 5b are cut off to remove some artificially high
signal values at the edge of the laser sheet caused by the intensity
normalization procedure and to allow for a more direct comparison
between Figs. 5b and 5c. The actual maximum count of Fig. 5c is
6876. Some of the images show increased signal near the edges of the
laser sheet; this is particularly apparent in Figs. Se and 5f, where the
PLIF signal is very low. This increase in signal is an artifact
generated by the normalization of the OH fluorescence signal to the
laser-sheet profile intensity, and low signals cause the signal-to-noise
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Fig. 4 Fuel injection: a) luminosity image and b) schematic view.
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ratio of the normalized image to be reduced. In Fig. 5a, there are very
low OH fluorescence signals from the fuel injector to about 7.5 mm
downstream of injection.

Generally, when fuel is injected perpendicular to the floor, a bow
shock develops in front of the injector and the shock-heated air
ignites the fuel [31]. In this study, the fuel is injected at an angle of
15 deg to the floor surface and does not induce as strong of a bow
shock as for normal injection. At ® = 0.13, which corresponds to the
lowest injection pressure used, the fuel does not achieve a high
enough temperature for ignition, does not penetrate as far into the

airstream as it does at the higher equivalence ratio conditions, and no
OH is visible at the fuel-injector location. Even though the static
temperature of the incoming air is over 1500 K, the bottom wall of the
duct near the fuel injector remains near room temperature because of
the room-temperature wall initial condition and short duration of the
tunnel run, combined with the much lower temperature of the fuel jet.
For sonic injection at a total temperature of 296 K, the fuel has a static
temperature of 246 K, and so the static temperature of the mixture at
the injection location is low and the flow will have a longer
autoignition delay time.
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At 7.5 mm downstream of the injector, the OH fluorescence signal
appears, indicating that ignition occurs due to the elevated
temperature of the air and shock-heated fuel in the shear layer. At
® = 0.22, shown in Fig. 5b, the OH fluorescence is apparent from
1.5 mm behind the injector, and the overall OH fluorescence signals
are strong not only in the mixing layer in the middle of the duct but
also in the shear layer immediately above the cavity. The incoming
airflow under the fuel jet mixes with fuel in the shear layer and ignites
above the cavity. Despite the relatively shallow 15 deg angle used for
fuel injection, it is possible to inject the 3-dimensional jet flow into
the supersonic flow field once the fuel penetrates into the airflow with
the higher injection pressures. The ® = 0.44 condition, shown in
Fig. 5S¢, illustrates this phenomenon more clearly.

High fuel-injection pressure generates a weak bow shock in front
of the injector and produces the high-pressure and high-temperature
conditions required to ignite the fuel behind this shock. The region
immediately upstream of the injector contains OH because the
recirculation zone, generated about 4 mm upstream of the injector,
helps air and hydrogen fuel mix with each other at a high enough
temperature to hold the flame. A region containing significant mixing
due to high shear and temperature caused by the near-normal bow
shock can operate as a flame holder immediately upstream of the fuel
jet. High fuel-injection pressure allows the jet to penetrate further
into the supersonic airflow and allows air to pass under the fuel jet,
mixing more effectively. Hence, higher OH fluorescence signals
appear in this region as a result of combustion, and there are two
major flame layers in the vertical section image. This behavior is
significantly different to the cases for ® = 0.13 (Fig. 5a) and ® =
0.22 (Fig. 5b). In Figs. 5a—5c, the peak OH interval of the repeated
peak OH signal becomes shorter, that is, conditions of ® = 0.13,
0.22, and 0.44 have about 9, 8, and 4.5 mm between regions of peak
OH signal, respectively. As the equivalence ratio is increased, the
structures also become smaller. This intermittent occurrence of high
OH signal was also noted in [28], and is caused by the excitation of
acoustic modes within the cavity.

One significant difference between the images in Fig. 5 and the
previous work in [28], where horizontal injection from the
downstream wall was used, iS a measurable amount of OH
fluorescence generated within the cavity itself. This is apparent from
the horizontal average plots on the vertical axes in Fig. 5. The
combustor wall had close to zero average fluorescence counts,
whereas the plots in Figs. 5a—5d all showed extra signals within the
cavity region. This evidence supports the idea that, at least for the
case of upstream injection, the cavity may be acting as a reservoir for
OH radicals in this injector configuration. For the case of Fig. 5d, the
OH signal is weaker compared with Figs. Sa—5c, but the boundary of
the flame can still be distinguished. When compared with a similar
equivalence ratio in Fig. 5c, the peak OH signal in Fig. 5d is lower,
but the two-flame-layer structure and ignition near the injector are
still visible. Figures 5c—5f show that as the total enthalpy is
decreased, the OH signal intensities near the cavity also reduce. In
fact, the OH signal can hardly be seen at all in Fig. 5f.

Given the incoming flow temperature in the combustor, it is likely
that at the lower enthalpy condition the temperature of the incoming
flow is not high enough to generate spontaneous ignition in the shear
layer over the cavity, but combustion occurs downstream of the
window, where the fuel and air are better mixed and interact with the
reflected shock from the rear cavity wall. Also, overall higher
fluorescence signals are shown at the cavity’s trailing edge;
therefore, the oblique shock from the cavity’s trailing edge plays an
important role in enhancing the fuel-air mixing and ignition.

B. Pressure Measurements
1. No Fuel Injection

Figure 6 shows the pressure distributions for the no-fuel-injection
state at two different total enthalpy flow conditions (6.45 and
3.82 MJ/kg). For Figs. 6-10, the static pressure is normalized to the
nozzle-reservoir pressure to remove the effect of fluctuations in the
tunnel conditions during the test time. Error bars in the plots indicate
the run-to-run standard deviation of the mean pressure value at each
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position. These fluctuations are up to 3.5 times greater than the
fluctuations in an individual pressure trace over the steady-flow time
in the absence of injection, indicating that the measurement errors are
dominated by the facility run-to-run variations. For both total
enthalpy conditions, the static pressure inside the cavity is about 12%
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lower at 6.45 MJ/kg and 15% lower at 3.82 MJ/kg than the
combustor entrance static pressure, due to the influence of the
expansion wave at the upstream corner of the cavity. Up to 100 mm
downstream of the cavity, the pressures at the bottom wall are lower
than the pressure at the combustor entrance because of the expansion
wave formed at the cavity’s trailing edge. As previously explained,
the oblique shock on the cavity’s rearward-facing step reflects from
the top and bottom walls; consequently the highest pressure occurs
approximately 290 mm from the duct entrance. When the total
enthalpy is decreased from 6.45 to 3.82 MJ/kg, the static pressures
measured 293 mm from the leading edge show different values for
each enthalpy, given the possibility of the change of reflected shock
position. Even though the absolute static pressure value is different at
the reflected position, the overall pressure distribution in the
combustor is similar for both conditions.

2. Nonreacting Flow

Figure 7 shows the static pressure distribution for nonreacting flow
(injection of hydrogen into nitrogen) as the equivalence ratio and
total enthalpy vary. Figures 7a and 7b are the results for total
enthalpies of 6.45 and 3.82 MJ/kg, respectively. In Fig. 7a, the static
pressures at @ = 0.13 are very similar to that of no fuel injection
except at the first reflected shock position x = 293 mm. Therefore,

the small fuel-mass flow rate does not have a significant effect on the
static pressure in the combustor compared with no fuel injection. As
the global equivalence ratio is increased by two (0.22) and 4 times
(0.44), the static pressure distribution remains similar in form and
rises in absolute terms by up to 25% in the downstream portion of the
combustor. Even if fuel is injected with different injection pressure,
the location of the overall static pressure fluctuation does not change
significantly, although care needs to be exercised in interpreting peak
pressures. The coarse spatial distribution of the transducers means
that the actual peak floor static pressure may be up to 20 mm
upstream or downstream of the peak measured pressure. In Fig. 7b,
when hydrogen fuel is injected into low-total-enthalpy flow, the
cavity’s static pressure for the nonreacting flow is higher than that for
no-fuel flow and does not vary with equivalence ratio. For low
equivalence ratios, the static pressure values are similar to those for
the no-fuel-injection case from the first reflected shock position near
x =293 mm. Likewise in Fig. 7a, the static pressure values rise
when the fuel-mass flow is increased, showing that fuel addition
alone may change the static pressures within the combustor by as
much as 27%. This is described in more detail later in the paper. On
the other hand, the pressure values are similar between low and high
equivalence ratio conditions in the cavity and shock/expansion
regions.
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3. Reacting Flow

Figure 8 shows the static pressure comparisons for nonreacting
and reacting flow at inlet total enthalpies of 6.45, 5.16, 4.48, and
3.82 MJ/kg. InFigs. 8a and 8c, the static pressure within the cavity is
higher for reacting flow than for nonreacting flow, indicating that this
pressure rise is due to the combustion generated near the cavity. But
at a total enthalpy of 3.82 MJ/kg (Fig. 8d) there is a smaller static
pressure difference in the cavity between reacting and nonreacting
flow, with nearly the same static pressure values close to the cavity
when the equivalence ratio is high. There may, therefore, be weak
combustion near the cavity at low-total-enthalpy conditions,
supporting the findings from the OH-PLIF images in Fig. 5. The fact
that for the lower total enthalpy the relative increase in pressure due
to combustion is lower in the cavity and higher downstream of the
cavity can be explained by the fact that the ignition-delay time is
longer at lower freestream temperatures. The highest static pressure
appears near x = 290 mm in all cases (Figs. 8a—8d), so that even if
the combustion occurred inside the cavity, the oblique shock
generated at the rear cavity wall is reflected near this position for all
air conditions. This indicates that the shock reflection near x =
290 mm generates most of the heat release in the flow. In Fig. 8, for
all total enthalpy conditions the static pressure distributions between
reacting and nonreacting flow are very similar to each other at the
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Fig. 10 Pressure traces for reacting flow according to time:
a) hy = 6.45 MJ/kg and b) hy = 3.82 MJ/kg.

lower equivalence ratios. This means that even though combustion
occurs at low equivalence ratios, it may be too weak to affect the
pressure rise because of the weaker jet penetration into the main flow
stream. There is evidence of a small increase in pressure downstream
of the second shock-wave interaction with the jet, but the pressure
soon decreases back to the same level as for injection into nitrogen,
indicating that the combustion is most likely quenched by the
expansion following the rear wall of the cavity. For all equivalence
ratios, the static pressure values between the cavity’s exit and
250 mm downstream of the inlet are similar to the noncombustion
values. This region is influenced by the expansion wave generated by
the cavity’s trailing edge, so that the combustion is locally weak or
extinguished in this region. For all total enthalpies, the static pressure
values at a high equivalence ratio increase by more than 50%
compared with those at a low equivalence ratio downstream of
x = 340 mm. The relative increase is noticeably larger at lower total
enthalpies. Especially in the case of reacting flow and a high
equivalence ratio, a consistent offset of the static pressures along the
duct compared with injection into nitrogen appears clearly in the
downstream half of the combustor. Therefore supersonic combustion
is generated in this model scramjet engine, with more consistent
supersonic combustion at higher equivalence ratios.



1266 JEONG ET AL.

Figure 9 shows the variation in combustor static pressure with total
enthalpy at two equivalence ratios. At the low equivalence ratio
(Fig. 9a), all static pressure distributions are very similar regardless
of the total enthalpy, except at a total enthalpy of 3.82 MJ/kg. As
described in Fig. 8, lower equivalence ratio overall leads to weak
combustion in the duct. But as shown in Fig. 9b for the high
equivalence ratio, as the total enthalpy is decreased the static
pressures are increased. Also, the fluctuations of the static pressures
in the duct show identical patterns so that the shock structures in the
duct are similar regardless of the equivalence ratio. In Fig. 9b, the
pressure values near the combustor exit (about x = 470 mm) at a
total enthalpy of 3.82 MJ/kg increase more rapidly compared with
the higher-enthalpy conditions.

Figure 10 shows the pressure distribution along the duct floor at
different times during the tunnel run. Figures 10a and 10b indicate
the results for iy = 6.45 and hy = 3.82 MJ/kg, respectively. If the
instant when the incident shock reflects at the end of the shock tube is
considered as ¢t = 0, then the pressure values at 1.5, 3, 5, 7 and 9 ms
are normalized by inlet pressure. The global equivalence ratio is
® = 0.44 for Fig. 10a and ¢ = 0.37 for Fig. 10bs = 1.5 ms. It must
be noted that the shock-tunnel flow is characterized by reducing
stagnation pressure, stagnation temperature, and total enthalpy as
time passes, and so the equivalence ratio is increasing throughout the
tunnel run. Also, the flow may contain some helium/argon driver gas
from the compression tube at times greater than approximately 4 ms
after shock reflection. For Fig. 10a, even though the pressure values
are different, the pressure fluctuations are sustained in the duct as
time passes, with the pressure traces indicating supersonic flow
throughout the test time. But Fig. 10b shows a different configuration
compared with Fig. 10a, and it has a sudden pressure increase at
positions of 450, 370, 350, and 260 mm downstream of the
combustor entrance and close to the cavity when the time is 1.5, 3, 5,
7,and 9 ms after shock reflection at the nozzle reservoir, respectively.
These phenomena indicate thermally choked flow. Regardless of
whether flow is subsonic or supersonic, chemical-heat-release results
in the local Mach number tend toward unity. In this experiment, the
heat release in the supersonic flow produces a thermally-induced
compression wave. When the heat is released too rapidly, the flow is
thermally choked and generates a sonic line. If more heat is supplied
continuously, this compression wave is changed into a strong normal
shock, and the combustor experiences thermal blockage, with the
shock wave moving rapidly upstream. According to the measured
pressure distribution, the condition at i, = 3.82 MJ/kg and & =
0.37 has thermal choking in the duct from # =5 ms. For the test
condition of &, = 3.82 MJ/kg, the inflow density is higher than at
the higher total enthalpies, and so this condition more readily induces
thermal choking. Even though this paper does not include any
schlieren images of thermally-choked flow, the graphs in Fig. 10
show temporary thermal choking in the downstream part of the
combustor, thermal blockage, and rapid movement upstream of a
pressure disturbance caused by additional heat release. Similar
behavior has been noted by O’Byrne et al. in previous combustor
experiments performed in the same facility using a strut injector
configuration [37].

Figure 11 shows the combustion effect when the pressures for
reacting and nonreacting flow are each divided by their stagnation
pressure, and then the reacting pressure ratio is divided by the
nonreacting pressure ratio at the same location. Dividing each trace
by the reservoir pressure reduces fluctuations caused by run-to-run
variations in reservoir pressure, and dividing the two ratios allows the
effect of combustion to be seen clearly. Independent of the
equivalence ratio, the 3.82 MJ/kg condition has little combustion
effect up to x = 240 mm, and the lack of a pressure rise indicates
little or no combustion near the cavity. The 3.82 MJ/kg condition
has a combustor inlet temperature of 900 K, and, therefore, has a
relatively long ignition-delay time. Davis and Bowersox [23,24]
proposed a relationship between cavity-residence time 7,, cavity
depth D, and freestream velocity U, given by 7, =40- U, /D.
Using this equation, the cavity-residence time is 6.77 x 1075 s at
hy = 6.45 MJ/kg and 8.52 x 1073 s at h, = 3.82 MJ/kg, indicat-
ing very similar residence times across the range of conditions
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investigated here. Colket and Spadaccini [38] proposed the effects of
initial oxygen concentration (pressure) and temperature on the
ignition-delay times of hydrogen—oxygen mixtures. In this research,
the oxygen mole fraction at the inletis 0.172 at by = 6.45 MJ/kg and
0.185 of hy = 3.82 MJ/kg. From Colket and Spadaccini’s relations,
the ignition-delay times are 4.58 x 107 and 4.32 x 10~* s at /i, =
6.45 and hy=3.82 MJ/kg, respectively. Therefore, cavity-
residence time can be longer than ignition-delay time for iy =
6.45 MJ /kg and allow more time for the cavity to act as a flame
holder. Flow for the h, = 3.82 MJ/kg condition, however, needs
100 times the ignition-delay time of the /, = 6.45 MJ/kg condition,
making flame holding in the cavity less likely. These results support
the explanations of the measured OH fluorescence signal distribution
of Fig. 5 and the cavity’s pressure measurements of Fig. 8. Also, the
expansion wave downstream of the cavity’s leading edge will
decrease the flow temperature and act to inhibit flame formation. But
after the shock reflection in the middle region of the duct, combustion
occurs more actively compared with the first half of the combustor.
This shock reflection increases the fuel-air mixing and generates
combustion as an ignitor by spontaneous pressure rise. The pressure
distributions at a low equivalence ratio shown in Fig. 11a are formed
by the reflected shock structure and show the extinguishing of heat
release by expansions at some locations in the duct. However, a high
equivalence ratio flows in Fig. 1 1b induce the whole flame behind the
middle of the combustor and shock structures control the flame
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shape, as shown by the alternating high- and low-pressure ratios in
the plot. The less-than-unity pressure ratios in the upstream portions
of the plots in Fig. 11 are caused by differences in the locations of the
shock waves between injection into air and injection into nitrogen.

Figure 12 shows the averaged ratios of nonreacting to noninjection
pressure and reacting to nonreacting pressure for the five pressure
transducers located more than 400 mm downstream of the combustor
entrance. Regardless of the total enthalpy, the averaged pressure
ratios of nonreacting to noninjection pressure increase as the
equivalence ratio increases. This shows that, as described previously,
the mass addition of fuel increases the pressure in the combustor. The
averaged pressure ratios of reacting to nonreacting pressure show the
overall effect of varying enthalpy and equivalence ratio on the flow at
the exit of the combustor. For all stagnation enthalpies there is a trend
of increasing pressure rise due to combustion with an increasing
equivalence ratio, most likely caused by increased penetration of the
fuel jet into the combustor airflow. The average pressure ratio at total
enthalpy h, = 3.82 MJ/kg is higher than at other inflow conditions
due to additional combustion heat release to the flow and shows an
average pressure increase rate as high as 33% at the higher
equivalence ratio.

Comparison of the results in Figs. 5 and 12 show opposing trends.
The OH-PLIF images in Fig. 5 indicate that higher stagnation
enthalpies lead to better ignition near the cavity, whereas the pressure
rise due to combustion in Fig. 12 indicates an overall higher pressure
rise due to combustion at the lower stagnation enthalpy condition. It
appears that the combustion behavior in this flow is dominated by
ignition from the reflected shocks from the cavity’s trailing face
rather than the effect of storage of OH within the cavity itself.

IV. Conclusions

This study describes the mixing and ignition processes in a model
scramjet combustor using OH planar laser-induced fluorescence
visualization and time-resolved floor static pressure measurements.
Experiments at several airflow total enthalpies and global fuel-air
equivalence ratios indicate the following:

1) The separated shear layer in the main flow reattaches and gener-
ates an oblique shock wave at the cavity’s trailing edge. Over the
range of freestream total-enthalpy conditions used in this study, the
flow structures caused by the oblique shock are similar.

2) The oblique shock structures for nonreacting flow still build in
the same manner as for the case of no fuel injection, and the fuel layer
interacts with the trailing-edge shock, actively mixing with the
airstream. A low-equivalence ratio has a small effect on static
pressure, but as the equivalence ratio is increased the static pressures
rise due to combustion. However, the overall shape of the pressure
distribution throughout the combustor does not change in spite of the
different fuel-injection pressure for angled injection. Therefore, the

cavity geometry has the greatest effect on the shape of the pressure
distribution in this study.

3) Some evidence of the cavity acting as a flame holder can be seen
from Fig. 5, as some OH can be seen within the cavity. This is
different behavior than that noted in a previous study in which fuel is
injected from the rear step of the cavity and OH formation occurred
only in the shear layer above the cavity. However, the concentrations
in the cavity are low, and most of the combustion still appears to be
occurring in the shear layer above the cavity. A low equivalence ratio
does not ignite at the injection location due to the fuel jet being too
close to the cold wall and not producing a strong enough bow shock,
but at the higher equivalence ratios the flow starts to ignite
immediately upstream of the injector, because of flow separation
caused by the bow shock in front of the jet. High fuel-injection
pressure forms two flame layers in the two-dimensional OH signal
image. Periodic OH peak signal appears to be caused by oscillating
cavity flow or oscillation of the fuel jet, and the interval between OH
peak signals becomes shorter as the equivalence ratio increases. At
lower total enthalpy conditions, the static pressure distribution in the
cavity is similar to that of nonreacting flow due to weak combustion.
For the higher equivalence ratios, the static pressures increase by up
to 50% over the noncombustion case, and this effect becomes more
significant as the total enthalpy is decreased. The combination of low
total enthalpy and a high equivalence ratio leads to thermal choking,
beginning at the downstream part of the combustor because of the
greater heat release at lower enthalpy conditions, and the reduction in
pressure and total enthalpy of the freestream at the later times.
Ignition-delay length increases as total enthalpy decreases, due to the
reduced reaction rates at lower freestream temperatures.

Finally, comparing the visualizations of the cavity flow and the
static pressure rise in the downstream portion of the combustor
indicates that although the cavity may contain OH, most of the
upstream OH is generated in the shear layer above the cavity, and the
cavity’s effect on the overall heat release is secondary to the effect of
the oblique shock wave generated by the rear face of the cavity at
these flow conditions.
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