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The ignition and combustion characteristics of the hydrogen plume issued from two pylon-type injectors in aMach

2.4, high-enthalpy airflow are presented. Specifically, the focus of the study is on the effects of the imposed interaction

and subsequent dynamics of a system of selected supersonic streamwise vortices on the reacting plume morphology

and its evolution. The design phase of the experimental campaign was carried out with a reduced-order model, with

the goal of identifying peculiar interactions among streamwise vortical structures introduced in the flow of interest.

Two vortex interaction modes have been selected and later implemented using ramp-type vortex generators

positioned symmetrically and asymmetrically on the pylon injectors, as prescribed by the results of the simulations

reportedhere.Hydrogen/air combustion experiments, aimed at investigating the selected cases,were conducted in the

expansion tube facility of the High-Temperature Gas Dynamics Laboratory at Stanford University. Stagnation

enthalpy of 2.8 MJ∕kg, static temperature of 1400 K, and static pressure of 40 kPa were the chosen test conditions.

Hydrogen at 300 K was delivered with two different total injection pressures. The supersonic combustion, ignition,

and flameholding characteristics were documented with schlieren photography, OH� chemiluminescence, and

instantaneous OH radicals planar laser-induced fluorescence. The evolution of the reactive vortical system was

probed in cross-sectional planes at a distance of 1.8, 4.3, 7.6, and 10.7 cm from the fuel exit plane. The results are

thoroughly analyzed and the marked difference in the plume morphology between the two cases is explained. The

similarities between the injectant’s predicted plumes and the measured distribution of OH radicals across the

surveyed planes allow for an interpretation of the results based on supersonic vortex dynamics considerations.

I. Introduction

T HE effectiveness of supersonic combustion is a fundamental,
enabling aspect for the development of airbreathing hypersonic

vehicles. Decades of studies have been devoted to this matter in an
attempt to gain fundamental understanding and, consequently,
control authority on the combustion processes in scramjet engines.
However, many complications still arise from the unpredictability of
the involved phenomena when designing a practical scramjet
combustor. Among the challenges to face is the ability to achieve a
sufficient plume spreading for a more uniform delivery of fuel across
the cross section of the combustion chamber.
In their work, Papamoschou and Roshko [1] showed the reduced

capability of supersonic, planar free shear layers to grow compared
with their subsonic counterparts due to compressibility effects
associated with the high convective Mach number of the large-scale
structures present in these flows. This suggests that a mixing strategy
only based on planar layers cannot be effective for aiming at short
engine lengths at high convective Mach numbers.
Studies originally conducted by Chigier and Chervinsky [2]

showed that the introduction of swirl in a jet drastically increases the

entrainment of surrounding fluid in the plume compared with
nonswirling jets and, later, Swithenbank and Chigier [3] discussed
the effectiveness of swirling jets in increasing the production of
turbulence and in potentially enhancing mixing with the surrounding
fluid in compressible flows.More recent numerical and experimental
works showed that coherent streamwise structures introduced in
supersonic mixing flows increase the mixing rates between the
reactants [4,5] and are able to augment the growth rate of mixing
layers due to additional entrainment of fluid [6] and low sensitivity to
compressibility effects. Mixing enhancement with streamwise
vortices is, in fact, achieved by means of the synergistic action of
turbulence, strain rates at the interface between the reactants [7], and
the entrainment of the right proportions of air and injectant.
Among the simplest ways to generate vorticity in both subsonic

and supersonic flows is the use of contoured devices like ramps,
which create a streamwise counter-rotating vortex pair (CVP) due to
the so-called cross-stream shear [8]. Other possible streamwise
vortices production mechanisms include the vorticity generation in
a jet issued into a cross stream [9–11] and the coalescence of
baroclinically generated vorticity [12]. However, regardless of the
mechanismof vorticity generation, one peculiar characteristic of both
incompressible and compressible vortices is their mutual interaction
capability, which is responsible for the variation of their spatial
displacement in the flowfield [13].
In the presence of a nearby injection plume, streamwise vortices

can drastically impact the mixing between the freestream and the
injectant due to a number of possible interactionmodes. Thevery first
action of these vortices is to change themorphology of the plume due
to the imposed flowfield, as has been already proved in supersonic
cold flow studies conducted by the authors [14,15]. In those works it
was pointed out that, for the flow to be dominated and, therefore,
controlled by the streamwise vortices, their strength must be larger
than that of the spanwise structures convecting in the close layer
in which they evolve. However, although notable flow physics
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downstream of different injection configurations were discovered in
supersonic cold flow, studies of injection devices suitable to
ultimately enhance mixing in high-enthalpy airflow are necessary to
verify that similar phenomena can be obtained in both regimes.
Pylon injectors [16–18] have lately been considered as possible

candidates as fueling devices suitable for large-scale scramjet
engines due to their ability to introduce the fuel into the core of
the incoming flow. To enhance the fuel dispersion and mixing,
the integration of streamwise vortex generators on pylon and strut
injector configurations has been, in recent years, the subject of
extensive research, which has provided some partial indication on
the possibility to relate some flow evolution phenomena to the
presence of an organized rotational motion in the plume. Specifically,
Doster et al. [18] published a study of three pylon injectors equipped
with different ramp geometries, showing NO planar laser-induced
fluorescence (PLIF) and in-stream probing measurements of the fuel
plumes issuing in a Mach 2 cold flow. The investigation was
principally centered on the comparison of the performance of the
pylons in terms of total pressure losses and mixing levels achieved in
the test, but no attempt was made to understand how the interaction
among the vortical structures modified the issued plume. A joint
experimental campaign between the Japan Aerospace Exploration
Agency and ONERA, presented by Sunami et al. [19], involved the
study of the combustion of hydrogen injected from different strut
injectors, some of which were equipped with vortex-generating
ramps, whereas others were ramp free. In those results, it was shown
that the plume issuing from the struts furnished with swept and
cantilevered ramps was clearly shaped by streamwise coherent
structures, at least in its early development. However, despite the
major modifications that are introduced in the plume by the vortices,
in both works, the design of the injectors was not optimized to target
the study on any peculiar flow feature.
For this reason, this effort is intended to explore, in a reacting high-

enthalpy flow, two preselected vortex dynamics interactions sim-
ulated beforehand by means of a reduced-order model developed
by the University of Texas at Arlington research group. The work
initially presents the design phase of the pylon injectors based on the
prediction capabilities of the aforementioned model, which has been
implemented in a computer code, and is capable of calculating the
dynamics of finite scale supersonic streamwise vortical structures at
a highly reduced computational cost. Later, the results of a set of
combustion experiments conducted using hydrogen fuel injected into
Mach 2.4 high-enthalpy (2.8 MJ∕kg) airflow are presented and
thoroughly discussed. In these experiments, instantaneous OH PLIF
measurements at different spanwise stations of the reacting plume
downstream of the injection point are used to probe the flow.
Although the long-lived nature of hydroxyl radicals implies that their
presence in an area of the flow does not necessarily mark the zones in
which ignition conditions are achieved, they provide important
indications on the plume morphology. OH radicals, therefore, served
as trackers of the flow to mark the plume in this study, showing its
evolution under the combined effect of the vortical structures and
heat release. In addition, schlieren and OH� diagnostic techniques
have been employed to document the supersonic combustion and

flameholding characteristics of the plume. The results show that, for
the heat release levels considered in this study, the morphology of
the plume and its evolution is very similar to the results produced by
the code, enabling an interpretation of the phenomena based on
vortex dynamics considerations. The persistence of the streamwise
vortical structures created by the selected ramp configurations is
shown together with the effectiveness of the coherent structures in
successfully anchoring the flame very close to the injection point.
The work shows the possibility of a new approach in the design of
injection strategies (i.e., not limited to injection devices) suitable
for being adopted in scramjet combustors, based on the ability to
predict with basic vortex dynamics concepts and a highly reduced
computational cost, the main features of flows of technological
interest.

II. Reduced-Order Model for Supersonic Vortex
Dynamics

In this section, a reduced-order model capable of describing
the relevant dynamics of an interacting system of streamwise,
supersonic, vortical structures is discussed. With this model, the
flowfield can be computed once the Mach number of the flow in
which thevortices are shed, the convective velocity, the initial relative
position of the vortices, and an estimation of the circulation of the
large-scale structures are known. A detailed description of the model
is provided in [20].
For the high Reynolds numbers typical of the supersonic flows of

interest, and the timescales associated with the processes considered
here, an inviscid, nondiffusive formulation is considered. Although
this simplificationwill suppress some features of the actual process, it
does reproduce, as will be clearly shown later, peculiar features
associatedwith themorphological evolution of the plume of a passive
scalar introduced in thevortical flow and subjected to the action of the
large-scale stirring structures.
A vortex model consistent with the inviscid description and the

assumption that the small-disturbance theory can be applied is the
one that follows from supersonic lifting line theory. The streamwise
vortices of a supersonic lifting line can influence only the domain
defined by theMach cones that arise from the point of their formation.
Closed-form relations for calculating the induced velocity field of the
lifting line are obtained by computing the spatial derivatives of the
lifting line potential in supersonic flow, which is written in Eq. (1) for
trailing vortices lying on the �x; y� plane [21], where x is the
streamwise direction as shown in the schematic in Fig. 1a:

Φ � Γ
2π

�
tan−1

x�y − 1�
z
����
Ω
p − tan−1

x�y� 1�
z
����
Ω
p

�
(1)

where

Ω � x2 − �M2 − 1���y − 1�2 � z2� (2)

Fig. 1 Schematic of a) horseshoe vortex in supersonic flow and b) interaction of two vortex filaments.
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The surface represented by Ω � 0 defines the Mach cone
surrounding the streamwise vortex filaments and is also the boundary
of influence of each filament. The potential is other than zero only
within the Mach cones, whereas it is zero in the remaining portion of
the space. The two velocity components v�x; y; z� and w�x; y; z�,
representing the flow in a plane perpendicular to the streamwise
vortex in a single generic Mach cone of a counterclockwise-spinning
vortex evolving along the x axis and starting at �0; ys; zs�, are shown
in Eqs. (3) and (4):

v�x; y; z� � Γ
2π

x�z − zs�
��z − zs�2 � �y − ys�2�

����
Ω
p (3)

w�x; y; z� � −
Γ
2π

x�y − ys��Ω − �M2 − 1��z − zs�2�
��z − zs�2Ω� �y − ys�2x2�

����
Ω
p (4)

These velocity components become infinite at the cone’s surface and
tend to the induced velocities obtained by a vortex filament in
incompressible flow (i.e., the Biot–Savart law) for values of the
downstream coordinate x that tend to infinity. When several vortices
are considered, the ith vortex induces a velocity �Vi � �vi; wi� only in
the portion of the �y; z� plane enclosed within the boundaries of its
Mach cone. As a consequence, it is not possible for two (or more)
vortical structures to interact when they are outside of their respective
Mach cones (see Fig. 1b). The mutually induced velocities on each
vortex can be calculated as the superposition of the effects of the other
N − 1 vortices in the system

�Vi �
XN−1
j�1

�Vj

with i ≠ j accounting for their relative position, circulation, and
Mach cone aperture. To obtain a closed system of equations for the
translational motion of the vortices, Helmholtz’s result that the vortex
lines are material lines is used. Hence, the point vortex equation on
the unbounded plane for the generic vortex ith can be written as
d�ri∕dt � �Vi, where �ri is the position vector. The singularity of the
point vortex is removed by assigning a finite size core to the vortex
filaments. Large-scale vortices are constructed by means of a given
initial circulation distribution of a number of vortex filaments
arranged in a coherent structure of a chosen dimension. A Gaussian
distribution of vorticity is used to resemble that of a Burgers
vortex [22,23].

III. Experiment Design

The reduced-order model developed by the University of Texas at
Arlington group [20] has been used to produce the simulation of two
distinct vortical systems. In the first case, a symmetric disposition of
the vortices in the flowfieldwas chosen; the second casewasmeant to

emphasize the effect of the dynamics of the vortical structures in an
asymmetric configuration.
Nonreacting experiments in supersonic flow have already shown

the intriguing possibility of capturing peculiar flow physics with a
certain degree of accuracy bymeans of the aforementioned code [15].
The same methodologies have been used for the design of the
experiments that were to be conducted in the expansion tube facility
of Stanford University.
In the preliminary experiment design, it was decided that the

bodies of both injectors should have been a pylon design 38 mm
in height (more details are provided in Sec. IV.B): the fins were to
be enclosed within the inviscid core of the flow generated in the
expansion tube. Expansion ramps of varying geometry and relative
displacement were added to the basic pylon geometry in two
configurations, which were designed to target the vortex dynamics
of interest as predicted by the reduced-order code. Injection took
place along the slit located at the base of the ramps, spanning nearly
the entire height of the pylons. Figure 2 shows a CAD model of the
expansion tube’s test section and the inviscid core region on the flat
plate assembly designed for the experiment. The longitudinal extent
of the inviscid core of the expansion tube’s freejet was approxi-
mately 15 cm.
In the simulations, the initial position of the cores of the vortices in

the CVP forming downstream of the ramps was set at two-thirds of
the total rampheight to account for downwash,whichwas found to be
a good approximation during the cold flow studies previously
conducted [14,15]. Thevertical distances of thevorticesweremade to
coincide with the width of the ramps in use, the extent of which was
chosen after a set of simulationswas performed to find configurations
that resulted in peculiar flow physics. Although the total amount of
vorticity constituting the vortices is fixed in the flow due to the
inviscid nature of the calculations, the shape of the vortex patches can
evolve due to the velocity field imposed by the other structures to
fulfill the Helmholtz theorem stating that vortex lines are material
lines convecting with the local fluid velocity. The conditions used to
reproduce the actual flow in the expansion tube are freestream Mach
number of 2.4, a corresponding convective velocity of the structures
of 1700 m∕s, and maximum length of the probed area equal to
10.7 cm. As can be inferred by the convective velocity, the residence
time of the flow is on the order of 10−5 s, therefore, it was crucial to
choose a value of the circulation of the vortices that would generate
measurablemodifications in the flowfieldwithin the limited test area.
Based on the relation available from Waitz et al. [8], relating the
geometry of the ramp to the circulation based on the freestream flow
condition, it was possible to size the expansion ramps to be capable of
introducing streamwise vortices with a strength of approximately
1.2 m2∕s. A diameter of 2 mm was assigned to the viscous core of
each patch of vorticity because it was expected to scale with the
chosen height of the ramps (2.8 mm); the distribution of vorticity
across the rotational core has been assumed Gaussian based on
previous findings available in literature [22,23]. Four cross-sectional
planes have been considered, specifically, 1.8, 4.3, 7.6, and 10.7 cm

Fig. 2 Assembly of a) test section CAD model and b) flat plate and approximate inviscid core extent.
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downstream of the injection point. The results presented are those
that reproduce the actual displacement of the ramps chosen for the
final injector concepts designed afterward. Although the code in
use does not account for the diffusion of reactants in the vortical
structures, a qualitative study of the shape of the plume was possible
by simulating the kinematic transport of virtual tracers, which have
the function ofmarking the simulated trajectory of a fuel exiting from
the injection slit. This was essential to produce comparisons with the
experimental results because the available instrumentation for the ex-
perimental portion of the study permitted the visualization of the
reacting plume of the injectors through the use ofOHPLIF, butwould
not be able to provide any information on the velocity flowfield.
As already discussed, two separate pylon configurations were

investigated both numerically and experimentally. The first case
was chosen as a base case, in which four ramps were placed
symmetrically about the z axis, resulting in four symmetrically
oriented CVPs. Figure 3 shows the three-dimensional evolutionary
pattern of the expected vorticity patches of the streamwise vortices,
whereas Fig. 4 shows the cross-sectional vorticity contours and the
snapshots of a simulated injectant (i.e., the virtual particles) taken at
the same four positions that were chosen for the experimental
campaign. The three-dimensional plot of the vorticity evolution was
created using the lambda-2 criterion [24] to recognize and mark the

surfaces of vortical structures, whereas the fill-color indicates the
vorticity along each surface. Because of the reduced-order nature
of the analytical model used in the code, the simulated flowfields
must be considered the time-averaged flowfields expected of the
experimental case. As can be inferred from the trajectories of the
vortex filaments in Fig. 3, the first and second stations (Figs. 4a
and 4b) did not present noticeable changes in the position of the cores.
On the other hand, a sudden change in the relative positions of
the vortices from the 4.3 to the 7.6 cm station (Fig. 4c) was present.
The positions of the cores do not seem to change noticeably from 7.6
to 10.7 cm (Fig. 4d). An interesting feature of the symmetric
configuration was the attitude of the quadruplet of vortices at the
center of each image: As the vortices interacted and moved down-
stream, the quadruplet separated in two vortex pairs, approaching the
CVP systems on the top and the bottom, respectively. It is worth
noting that the mutual distances of the vortex cores along the y axis
remained nearly unchanged (approximately 5 mm), while becoming
shorter in the z direction.
Figures 5 and 6 show the evolution of thevortical structures and the

details of the cross sections for the asymmetric ramp configuration
as predicted by the code. For this configuration, only three stations
were surveyed in the experimental campaign, and these stations are
presented in Fig. 6 for the numerical investigation. Figure 5 indicates

Fig. 3 Evolutionary image of the streamwise vortices: symmetric case.

Fig. 4 Simulated vorticity and plume at a) 1.8 cm, b) 4.3 cm, c) 7.6 cm, and d) 10.7 cm downstream of the injector: symmetric configuration.
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that both single vortices in proximity of thewall and on the top kept a
nearly straight trajectory; this suggests that they were not greatly
affected by the flowfield evolving at the center of the system
maintaining their initial positions on the �y; z� plane. The detailed
cross-sectional planes in Fig. 6 clearly show that the two internal
CVPs shed by the twowider ramps on the opposite side of the injector
acted exactly as an independent CVP. The vortex pair moved toward
the negative values of the y axis due to its autoinduced velocity field,
whereas the CVP generated from the small ramp created a favorable
velocity field to accelerate their movement toward the left, promoting
the merging of the corotating structures.
The numerical simulation of the plume expected at the four

cross-sectional planes for both the symmetric and asymmetric
configurations at 10.7 cm is presented inFigs. 7a and 7b, respectively.
In the symmetric configuration, the agglomeration of vortices in the
two areas was expected to create a lobed plume,with two clear bulges
located along the z axis. The simulated plume for the asymmetric case
shows a remarkable difference compared with the symmetric
configuration: The wide lobe at the center of the image is generated
by the two pairs of merging corotating vortices, whereas the smaller
lobes at the extremities exist due to the effect of the single vortices.

The channel created by the central vortical system can be seen in the
cusp generated at the center of the plume.

IV. Experimental Setup and Test Matrix

A. Test Facility

All tests were conducted at the expansion tube facility of
Stanford University. An expansion tube is an impulse flow facility
that generates high-enthalpy flows and can be used to reproduce
conditions relevant to hypersonic flight and supersonic combustion.
The expansion tube is composed of type 304 stainless-steel circular
sections (outer diameter, 16.5 cm; inner diameter, 14 cm): a driver
section (1.9 m long), a driven section (7.3 m long), and an expansion
section (2.8 m long). Test gas conditions are generated by the
unsteady expansion of the shock-treated driven gas; the test gas
subsequently flows through a 30 × 30 × 30 cm3 test section and
exhausts into a 0.6 m3 dump tank. The test section has optical access
on three sides. The final test gas conditions (i.e., Mach, temperature,
and pressure) can be adjusted by changing the filling pressure of each
section. For a more thorough description of the facility and its
operation, see Heltsley et al. [25].

Fig. 5 Evolutionary image of the streamwise vortices: asymmetric case.

Fig. 6 Simulated vorticity and plume at a) 1.8 cm, b) 4.3 cm, c) 7.6 cm, and d) 10.7 cm downstream of the injector: asymmetric configuration.
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The conditions chosen for this work were Mach numberM � 2.4,
static temperature T � 1400 K, and static pressurep � 40 kPa. The
stagnation enthalpywas 2.8 MJ∕kg. These conditions approximately
correspond to Mach 8 flight at 30 km altitude. The test time was
approximately 500 μs. The uniform flow downstream of the exit
plane of the expansion tube is confined by a region of 7.6-cm-diam
core bounded by the limiting characteristic lines of the incoming
flow, and it extends approximately 15.2 cm downstream of the tube
exit. The pylon injectors were mounted on a flat plate. Because of the
limited length of the undisturbed flow region, the leading edge of the
flat plate was located as far upstream as possible (approximately
4.1 cm into the expansion section), thus preventing the reflection of
shocks generated by themodel from impinging on the expansion tube
wall, while keeping the entire fin in the field of view. The test section
assembly is that shown in Fig. 2. The flat platewas not equipped with
any ignition or flameholding devices, which are well known to
promote these phenomena [26].

B. Design of the Injectors

Hypermixers for supersonic flow have been widely studied in
recent years. Some of these works have been employed to generate a
database adopted as a reference for the proper sizing of the body of
the injectors so that it could be considered in line with the latest
investigated configurations. Indications on the possible geometry
were taken fromHsu et al. [17]who tested different injection finswith
slenderness ratios (i.e., the ratio between the fin thickness and their
length at the root) ranging from 0.16 to 0.24, and Doster et al. [18],
who used in-stream pylons with slenderness ratio of 0.16. The final
design of the pylon injectors is characterized by a slenderness ratio of
0.19, resulting in an injection configurationwhich is comparablewith
recent studies. Because the main focus of the work was the survey of
the reacting plume evolution in the presence of selected streamwise
vortex configurations, the injectors were carefully sized to serve as
platforms to be equipped with four and three expansion ramps
respectively. The two pylon injectors are depicted in Fig. 8; in Fig. 9
the detailed design of the symmetric ramp configuration is shown.
The body of the injectors was designed with a diamond-like

planview cross section, swept downstream at 15 deg. The rampswere
positioned on both sides of the pylons. The fuel was delivered by a
thin slit located along the centerline of the trailing edge, which
spanned the length between the two outside edges of the ramps with
an outlet area of 15.5 mm2. The slit height was 30 mm. The height h
of each rampwas 2.8mmand the expansion angle αewas 15 deg. The
final outcome of the simulations presented in Sec. III was the location
and geometry of the ramps to be used on the pylons. For the sym-
metric case, the ramps were chosen to be W � 12 mm wide and
5.1 mm apart. As far as the asymmetric configuration, two ramps
(W � 12 mm) were chosen to be mounted on one side of the pylon
and a 7-mm-wide, smaller ramp in the center on the opposite side.

The injectors were rapid prototyped using a high-performance resin,
which proved robust enough to complete the test matrix despite the
harsh conditions in the expansion tube. The maximum injection
plenum pressure needed to be within the structural limits imposed by
the material selection; for this reason, experiments were conducted
with relatively low values of jet-to-freestream momentum flux
ratios. Hydrogen was delivered to the injector by a fast-acting sole-
noid valve.

C. Schlieren Photography

A Z-type schlieren system was used to instantaneously image the
flowfield downstream of the pylons. A xenon spark lamp was used
to illuminate the test section, and a LaVision Imager Intense charge-
coupled device (CCD) camera was used to acquire images with a
500 ns exposure. Background and dark noise subtraction was
performed on all acquired schlieren images.

D. OH� and OH Planar Laser-Induced Fluorescence

OH� chemiluminescence was used to ascertain global features of
the reacting plume because its signal has been proved to be indicative
of heat release rates [27,28]. AnAndor iStar intensified CCD (ICCD)
camera fitted with a 100 mm, f2.8 UV lens, was used in conjunction
with a 10 nm full width at half-maximum interference filter centered
at 313 nm to capture chemiluminescence from the chemically excited
OH, which is used as a tracer for areas of the flow undergoing
combustion. Tests were conducted using air as the test medium and
hydrogen as the injectant (H2∕air operation). A preliminary test using
oxygen instead of air was conducted to assess the viability of the
intended configuration with respect to spontaneous ignition and
flameholding characteristics. Different integration times (i.e., gates)
were used for each case (50 μs for H2∕O2 and 100 μs for H2∕air).

Fig. 8 CAD model of the two pylon injector configurations used in the
experiments.

Fig. 7 Simulated injection plume at 10.7 cm downstream of the injection point: a) symmetric case; b) asymmetric case.
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Background subtraction was performed. Results of theOH� imaging
were used to define the location of the streamwise sections to be
inspected with OH PLIF imaging.
The same ICCD camera (Andor iStar 712) and interference filter

were used to acquire OH PLIF images. A frequency doubled
neodymium yttrium aluminum garnet at 532 nmpumped a Lumonics
HD-500 dye laser to produce 566.6 nm light, which was frequency
doubled to 283.3 nm, corresponding to the Q1�n � 7�A − X�1; 0�
transition of OH. This transition results in a signal that is nearly
proportional to the OH mole fraction and is weakly dependent
on pressure and temperature, providing instantaneous information
regarding the location of reaction zones. Cylindrical lenseswere used
to form a light sheet, which illuminated the planes normal to the
freestream flow direction located 1.8, 4.3, 7.6, and 10.7 cm
downstream of the fuel injection plane. The ICCD camera was gated
for 100 ns. The camera was positioned at an angle relative to the test
section (Fig. 10b), and a gridwas imaged at each object plane to allow
for remapping of the image onto Cartesian coordinates. A 100 mm,
f2.8 UV lens was used for the imaging. Depending upon the
particular conditions being imaged, the lens was stopped up or down
from f2.8 to f5.6 to avoid saturation; images were then scaled to
approximately account for the variation of captured light intensity.
Background subtraction and correction for laser sheet nonuniformity
were also performed on all acquired images. Shot-to-shot variation in
incident laser energy was tracked using a photodiode, and images
were corrected for these fluctuations as well. Following this
correction approach, all OH PLIF image data results are expected to
be an approximate representation of the relative OH distribution in
different regions.

E. Test Matrix

Tests were performed in air and oxygen freestream flows with two
injection stagnation pressures. From the stagnation pressure, the
density and the velocity of the fuel can be computed; consequently,
the jet-to-freestream momentum flux ratio can then be calculated
using Eq. (5):

�q �
γjpjM

2
j

γ∞p∞M
2
∞

(5)

Hydrogen was injected with a total temperature of 300 K and two
different stagnation pressures, depending on the experiment. The
chosen injection stagnation pressures were p0;j1 � 43 kPa and
p0;j2 � 65 kPa, corresponding to injection Mach numbers of 0.34
and 0.87. The specific heat ratio of the freestreamwas approximately
1.3, resulting in jet-to-freestream momentum flux ratios of 0.02 and
0.14 and mass flow rates of 0.22 and 0.56 g∕s, respectively. The
complete test matrix is shown in Table 1.
A pressure transducer (PCB Piezotronics, model 112A22)

mounted downstream of the solenoid valve enabled time measure-
ments of the injector stagnation pressure. The plenum pressure of the
injector was nearly constant for the entire duration of each test,
as shown in Fig. 11. The 1 ms window shown in Fig. 11 includes the
500 μs of test time, which extends from approximately 4.75 to
5.25 ms (see the dashed lines). The two constant values of pressure
represent the absolute total pressures obtained in the injector plenum
for the two conditions considered in the study.

Fig. 10 Laser diagnostics setup used for the spanwise measurements: a) CAD model; b) actual setup.

Fig. 9 Detailed drawing of the symmetric pylon; all dimensions are in inches.
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V. Experimental Results

A. Schlieren Photography: Symmetric Configuration

Schlieren images of the flow due to injection into quiescent air
have been taken for both injection stagnation pressures (Fig. 12) with
the symmetric pylon. For these experiments, the pressure in the test
section was set to 40 kPa to reproduce the static pressure of the flow
during the run. These images were necessary to assess the uniformity
and the characteristics of the injection process. The field of view
shown in the images is 4 × 13 cm2. In all the images discussed next,
the x axis origin refers to the injection point.
The images document a uniform fuel distribution along the vertical

slit. This is an important verification that excludes the possibility of
interference effects, on a vortex dynamics standpoint, due to vortical
structures unintentionally introduced by a distortion of the injectant
during the injection process. Because the internal design of the
plenum of both pylons was the same, these results were also consid-
ered valid for the asymmetric configuration.
Figure 13 displays schlieren image data for both injection

stagnation pressures during a reactive test with the symmetric pylon.
Shocks can be recognized in both images downstreamof the injection
point up to x � 40 mm. Because the injection was subsonic, the
shockswere attributed to the complex flow structure generating at the
base of the pylon.Despite the images showing two-dimensional path-
integrated results, a careful inspection of Fig. 13b shows an important
flow characteristic: ranging from x � 30 mm to the end of the probed
area, a zone of large density gradients can be seen; the area is
delimited by a dashed line in the image. These gradients can be
generated by a combined effect of the three-dimensional develop-
ment of the streamwise vortices in the plume and the local heat release
due to the turbulent combustion. This consideration is corroborated
by the OH� surveys described in Sec. V.B.

B. OH� Imaging: Symmetric Configuration

OH� chemiluminescence images were acquired for air and oxygen
freestreams at the highest injection stagnation pressure (see Table 1)
to gain an insight into the global time-averaged structure of the
reactive plume issuing from the symmetric pylon. A test in pure

oxygen was carried out to assess if spontaneous ignition could have
been effectively achieved. Figures 14a and 14b show the tests
conducted with O2 and air as freestream flows, respectively.
Figure 14a shows the results obtained in the case of H2∕O2

combustion. Two distinct symmetric chemiluminescent regions can
be recognized. Both luminescent zones bent toward the centerline of
the jet symmetrically. Two confined areas characterized by a

Fig. 11 Typical time history of the plenum pressure in the injector
vessel.

Fig. 12 Instantaneous schlieren images of the quiescent hydrogen jet:
a) p0;j1 � 43 kPa; b) p0;j2 � 65 kPa.

Fig. 13 Instantaneous schlieren images of the runs: a) p0;j1 � 43 kPa;
b) p0;j2 � 65 kPa.

Table 1 Test matrix

Configuration Schlieren OH� OH PLIF Oxidizer M∞ T∞, K p0;j, kPa _mj, g∕s
Symmetric a — — — — air 0 300 43 0.22
Symmetric a — — a air 2.4 1400 43 0.22
Symmetric a — — — — O2 0 300 65 0.56
Symmetric a a — — O2 2.4 1400 65 0.56
Symmetric a a a air 2.4 1400 65 0.56
Asymmetric — — — — a air 2.4 1400 43 0.22
Asymmetric — — — — a air 2.4 1400 65 0.56

aTests that have been conducted.
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luminescence peak were recognized close to the injection point,
between x � 20 and 40 mm. Because the increase in the chemilu-
minescence signal is indicative of heat release rates, its weakening
in the far field (from x � 50 to 120 mm) can indicate either a
consumption of the fuel or flame quenching.
Figure 14b shows the H2∕air reacting streamwise plume. Two

elongated chemiluminescent regions were present here as well,
but in this case, the areas were characterized by a different pattern
of luminescence. Ignition took place later compared with the O2

freestream, approximately 30 mm downstream of the injection point.
Higher heat release rates can be inferred in the bright region closer
to the wall (between x � 40 and 100 mm) suggesting a faster
combustion that, due to its location, could have been affected by the
presence of a turbulent boundary layer. The effect of the plume bent
upward in the far field could be attributed either to the termination
of the perfectly undisturbed flow characteristics of the expansion
tube or the dilatation of the vortical structures due to heat release.
Interestingly, the limits of the ignition zone resemble the shape of the
region characterized by large density gradients highlighted by the
schlieren imaging, as described in Sec. V.A (see Fig. 13b).
Although a direct comparison between the images cannot be con-

ducted due to the difference in integration times used, the presence

of two distinct chemiluminescent regions is clear and suggests that
molecular mixing and reacting zones were affected and shaped by
the streamwise vortical structures created by the symmetric injector.
This behavior was also confirmed by the spanwise OH PLIF
measurements (see Sec. V.C).

C. OH PLIF: Symmetric Configuration

The images in Fig. 15 show the evolution of the reacting plume at
different stations downstream of the injection point. The detailed
PLIF images for both injection conditions are shown in Fig. 16 at four
spanwise stations: 1.8, 4.3, 7.6, and 10.7 cm downstream of the
injector, respectively. All the tests were conducted in air.
Figure 16a shows an elongated plume, extending approximately

35 mm along z and resembling the morphology of the injectors’
trailing edge. In reality, the inspection of the numerical results
presented in Sec. III reveals that the shape of the plume at this early
stage of development is due to the initiated entrainment of fuel in the
imposed vortical structures. Two distinct bulges having symmetry
with respect to z � 16 mm begin to form, indicating areas of radical
agglomeration. A filament of hydroxyl radicals connecting the plume
to the wall is recognizable from z � 0 to 4 mm, approximately.
Figure 16c shows a marked evolution of the morphology of the

Fig. 14 OH� images of the plume: a) p0;j2 � 65 kPa,H2∕O2 combustion; b) p0;j2 � 65 kPa, H2∕air combustion.

Fig. 15 Plume evolution, symmetric case: a) p0;j1 � 43 kPa; b) p0;j2 � 65 kPa.
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plume: two distinct lobed-like areas can be seen to evolve from the
smaller bulges, while still maintaining their level of symmetry about
the z � 16 mm and y � 0 mm planes. At this section, the size
of both lobes was such that each one could have been enclosed in
a 10-mm-diam circle. Figure 16e shows a slight growth of the lobes,

increasing the diameter of the circle required to enclose them to
approximately 12 mm. The lower lobe is characterized by a higher
amount of OH radicals, qualitatively shown by the increased
brightness in the area when compared with the upper lobe. The last
section depicted in Fig. 16g, shows a broadening of the plume,

Fig. 16 OH PLIF instantaneous cross planes, symmetric case: left: p0;j1 � 43 kPa; right: p0;j2 � 65 kPa. a) and b) 1.8 cm, c) and d) 4.3 cm, e) and
f) 7.6 cm, g) and h) 10.7 cm.
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which provides further evidence supporting the conclusion expressed
in Sec. V.B. The lobes appear squeezed along the z axis and spread
along the y direction reaching a width of approximately 20 mm.
The set of image data in Figs. 16b, 16d, 16f, and 16h describe the

plume evolution for the high-stagnation pressure case. Figure 16b
shows a thin plume similar to that seen in Fig. 16a, but characterized
by lower amounts of OH radicals; nevertheless, the reaction zone is
attached to the wall by a thin line of radicals similar to the result seen
in Fig. 16a for the lower injection pressure case. Faster combustion at
4.3 cm downstream of the injection point (Fig. 16d) could be inferred
from the agglomeration of radicals forming the two symmetric lobes
already analyzed inFig. 16c. In this section, a thin strip ofOH radicals
(approximately 2 mm in length) connected the lobes. This flow
featurewas also captured in each of the two other spanwise flowfields
probed downstream (i.e., Figs. 16f and 16h), and this line did not
present remarkable changes in length up to the last measurement
plane. By comparing Figs. 16f and 16h, it is clear that the evolution
of the plume is similar to that noted for the lower injection pressure
case; that is, only a small variation in size can be observed, whereas
the general shape of the lobes is maintained from station to station.
Because of the increased fuel flow rate associated with the higher
injection pressures, the two lobes can be seen to be slightly larger
in Figs. 16d and 16h when compared with their lower pressure
counterparts. Their general characteristic shapes, however, seem to
be almost unaffected by the difference in injection conditions, despite
the different amount of OH radicals in the plumes. The persistence of
the lobes and the repetition of the same flow features in each section
indicate that the coherent imposed structures were having an
important effect on the dynamics driving the evolution of the plume.
The thin filament of radicals connecting the plume to the wall is an
interesting result. The presence of hydroxyl radicals in that region
suggests that the recirculation expected at the base of the injector
acted as a flameholding mechanism. However, further investigations
should be addressed in clarifying this aspect because OH radicals are
a long-lived species and it is possible that this area of concentration
observed in the results is a consequence of the radicals being
transported from elsewhere in the plume, rather than being a marker
of combustion occurring directly on the wall.

D. OH PLIF: Asymmetric Configuration

The experimental outcomes for the asymmetric pylon are
presented in Figs. 17 and 18. As can be seen, only three sections have
been inspected for this configuration because the main scope of the
investigation was to verify the predictions of the code concerning the

plume morphology on a qualitative basis. Figure 17 indicates that
the plume was highly distorted and kept a steady growth as it was
flowing downstream.
Figures 18a and 18b (4.3 cm cross section) show a characteristic

geometrical shape of the plume: a wide lobe and two smaller areas
where OH agglomerated can be recognized in the middle and at the
extremities, respectively. Apparently, the increased fuel flow rate in
the high injection pressure case only slightly influenced both the
height and thewidth of the plume.Detectable, and apparently regular,
regions characterized by a lack of OH radicals are present in the
center of the plume. This feature is here attributed to the local
equivalence ratio which can be well above the ignition limits of the
mixture. Based on the simulations presented in Sec. III, the vortex
cores in the center of the plumewere, in fact, expected to carry a larger
amount of fuel comparedwith those on the top and the bottom as they
migrate, spanning the width of the plume and entraining mainly
hydrogen. A large amount of one reactant in the cores could lead to
a nonignition condition in those areas, leaving the cores OH radicals
free. This behavior is not present in the case of the symmetric
configuration, where the vortex cores are expected to remain at the
edges of the plume, entraining both air and fuel and providing
ignition all across the plume closer to the jet exit plane.
Figures 18c and 18d show the 7.6 cm station: here, the vortices

were entraining fuel and air in the right proportions to ensure an
homogeneous combustion and enhanced the plume spreading in their
area of influence. The images taken at the last station (Fig. 18e and
18f) show a much larger combustion area in the central lobe.
Although the main difference between the two injection pressures is
the size of the lobe, which is slightly wider for the high injection
pressure case, the position of the two peripheral structures, which
can be inferred from the plume shape, remained nearly unchanged.
As a consequence, the plume reaches a better spreading along
both the y and the z axes if compared with the results obtained with
the symmetric configuration. Also, in this asymmetric plume, OH
radicals very close to the wall are recognizable in each image and
indicate that a similar recirculation zone to that noticed in the
previous case (see Sec. V.C) was present downstream of the injection
slit, providing favorable conditions for ignition and flameholding.

VI. Plume Evolution Comparisons

The experimental results showed noticeable analogies with the
simulations presented in Sec. III. It is important to remind the reader
that, although the instantaneous images collected may not be
representative of an average behavior of the flow, the repeatability of

Fig. 17 Plume evolution, asymmetric case: a) p0;j1 � 43 kPa; b) p0;j2 � 65 kPa.
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the plume’s geometrical features at each station and along the probed
flowfield by means of uncorrelated measurements are evident proofs
that coherent structures acted to modify the flowfield as predicted.
In the simulations conducted for the symmetric case, the vortical

structures evolving from the ramps interacted, generating two
distinct quadruplets of vortices as they moved downstream. The
agglomeration of streamwise vortices in the two areas was the cause
of the lobed plume similar to that experimentally captured in the
OH PLIF data images, as can be seen in Fig. 19, where a direct
comparison of the experimental and numerical results obtained at all
the stations is presented. Although the absolute lateral spreading of
the plume was not fully captured, Fig. 19 reveals the existence of the
double-lobed plume already predicted by the simulation. In addition,
some of the details recognizable in the experiments are present in
the numerical simulations: For example, the numerical simulations
show a thin vertical segment of tracers connecting the lobes, clearly
resembling the strip of OH radicals experimentally visualized
between the bulges. Also, the early development of the experi-

mentally surveyed plume is attributable to the initial entrainment of
fluid in the vortical structures, as suggested by Fig. 19b.
The experimental plume and the calculated dispersion of virtual

tracers for the asymmetric pylon injector is presented in Fig. 20. Also
in this case, the code predicted very closely the overall shape of the
issued plume. The markers show a wider dispersion along both the y
and z axes when compared with the symmetric case, confirming the
outcome of the experimental findings. In the numerical simulations,
two mergers were expected to form in the center of the plume due
to the coalescence of vortical structures of the same sign: In this way,
the circulation increased in a relatively narrow zone of the flow,
localizing most of the entrainment of tracers in the same region. The
remaining external vortices, on the other hand, kept their straight
trajectory nearly undisturbed (see Fig. 5). When comparing the
plume geometry obtained in the experiments and the numerical
results, it is clear that the combination of the two structures formed in
the center and those convecting downstream at the upper and lower
edges of the plume acted to shape it as both predicted and measured.

Fig. 18 OH PLIF instantaneous cross planes, asymmetric case: left: p0;j1 � 43 kPa; right: p0;j2 � 65 kPa. a) and b) 4.3 cm, c) and d) 7.6 cm, e) and
f) 10.7 cm.
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As already mentioned in Sec. V.D, some of the areas in the center
of the plume captured at the streamwise station located 4.3 cm
downstream of the injection plane are characterized by a lower
amount of radicals compared with the peripheral regions (see
Figs. 18b and 20a). The explanation of this additional plume feature
can also be attributed to the vortex interaction mode considered.

The simulations presented in Sec. III showed that two of the cores of
the merging vortices in the center of the plume would have spanned
the entire width of the pylon crossing the injection center plane in the
early stage of their interaction (see Fig. 5), thus carrying an amount of
fuel that likely led to a nonignition condition in those areas, leaving
the cores nearly OH radicals free.

Fig. 19 Comparisonbetween experimental andnumerical plumes, symmetric case. Left: experiment; right: simulation. a) andb) 1.8 cm, c) andd) 4.3 cm,

e) and f) 7.6 cm, g) and h) 10.7 cm.
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VII. Conclusions

The supersonic combustion results of pylon-injected hydrogen in
high-enthalpy flow with imposed vortex dynamics have been
presented in this manuscript. Based on the simulations conducted
with a reduced-order model developed by the University of Texas at
Arlington research group, two different imposed plume evolutions,
resulting from selected vortex dynamics modes, have been studied.
The first vortex interaction mode was designed to generate two
distinct quadruplets of streamwise vortical structures, evolving to
produce a double-lobed plume in which limited lateral spreading
was expected. In the second scenario, six vortices (three CVPs) were
arranged to generate a single-lobed plume intended to augment the
spreading along the lateral direction due to the merging process of
two pairs of corotating vortices. In both cases, the strength of the
vortical structures has been selected to produce the expected mor-
phology within the limited streamwise extent (approximately 15 cm)
of the optically observable flowfield offered by the test arrangement
of the expansion tube facility at theHigh-TemperatureGasDynamics
Laboratory of Stanford University, where the experiments were later
conducted.
For the experimental campaign, two injectors were designed based

on the outcomes of the simulations and rapid prototyped with a high-

performance resin. The final geometry of the injectors resulted in two
pylons with the same base configuration, but equipped with two
different sets of vortex generators. The chosenvortex generatorswere
ramps that have been integrated into the design of the pylons and
specifically sized and placed to reproduce the desired vortex
interaction scenarios.
Time-resolved schlieren, time-averagedOH� chemiluminescence,

and OH PLIF measurements have been used to document the
combustion characteristics and evolution of the reacting plume
associated with each injector. Specifically, OH� chemiluminescence
documented the ignition characteristics of the injectors; the results
highlighted that autoignition of hydrogen took place in very close
proximity of the injection point and the reacting region was confined
within the optically accessible portion of the test section. No physical
flameholding device was used. Subsequently, the OH PLIF survey
allowed a detailed inspection of the reacting plume morphology
across several selected streamwise stations. It revealed the presence
of an evolving double-lobed plume structure for the first injector and
an evolving triple-lobed plume for the second. These conditions
were found for two different injection total pressures. The similarity
of the plume morphology revealed in all the uncorrelated OH
PLIF instantaneous images acquired at each probed section is a

Fig. 20 Comparison between experimental and numerical plumes, asymmetric case. Left: experiment; right: simulation. a) and b) 4.3 cm, c) and
d) 7.6 cm, e) and f) 10.7 cm.
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clear indication of the persistence of the streamwise vortical
structures shed from the ramps and their ability to shape the resulting
flowfield.
The OH PLIF image data compared very well with the plume

morphology predicted by the numerical simulations based on the
reduced-order model. Specifically, the experimental results associ-
atedwith the first pylon show the same double-lobed plumemorphol-
ogy shown in the simulations, and the results from the second injector
have been found to be consistent with the predicted triple-lobed
plume. Therefore, for the heat release levels obtained under these
investigations, the conclusion that can be drawn is that plume mor-
phologywas shaped in accordancewith the evolution of the dominant
streamwise vortical structures in the flow.
These results are encouraging because of the intrinsic potential

related to the design of new injection strategies suitable for scramjet
combustors and based on the ability to predict, with a highly reduced
computational cost, the main features of these complex flows. In
addition, this vortex dynamics perspective will allow exploration of
integrated configurations where inlet vortices could be used in
conjunction with those introduced by the injection system for mixing
and combustion enhancement.
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