
 
American Institute of Aeronautics and Astronautics 

 

1

Supersonic Combustion and Flame-Holding Characteristics 
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This work investigates the structure of the reaction zones downstream of a pylon 
injecting hydrogen fuel into a Mach 2.4 high enthalpy flow, with the aim of characterizing 
the behavior and evolution of the expected vortical structures. The pylon injector 
incorporates expansion ramps that serve as vortex generators. Fuel is injected through a 
thin slit along the entire length of the base of the ramps. Tests were conducted in the 
Stanford University Expansion Tube Facility at the High Temperature Gasdynamics 
Laboratory. All the experiments were conducted at a stagnation enthalpy of 2.8MJ/kg, a 
static temperature of 1400K, a static pressure of 40kPa, and Mach number of 2.4. The total 
temperature of the injected hydrogen was 300K. The ignition and flame holding 
characteristics were investigated using schlieren, time-integrated OH* chemiluminescence, 
and instantaneous OH planar laser-induced fluorescence (OH PLIF) imaging. OH PLIF was 
applied to capture the evolution of the reactive vortical system in planes normal to the 
freestream flow direction at a distance of 1.8cm, 4.3cm, 7.6cm and 10.7cm from the fuel exit 
plane. Resulting images show the distribution of OH radicals in the plume; these images also 
show a peculiar geometric pattern in the plume shape, suggesting that the vortices generated  
by the pylon configuration, and the consequent vortex dynamics, played a dominant role in 
the mixing and combustion processes. 

Nomenclature 
   αe = ramp expansion angle, deg 
h = ramp height, mm Γ = circulation, m2/s 
M = Mach number ρ =  density, kg/m3 

p = pressure, kPa 
 = fuel-to-freestream momentum flux ratio    Subscripts 

T = temperature, K  o = stagnation condition 
V = velocity, m/s  ∞ =  freestream  
   f = fuel 

I. Introduction 
he ongoing interest in hypersonic flight has led researchers to study improved injection systems to overcome 
some of the problems related to the mixing and combustion processes encountered in scramjet engines. For 

high-speed airflows typical of hypersonic flight, the fuel residence time in the combustor is on the order of 
milliseconds. In these conditions, rapid mixing and controlled combustion imply an increase in cycle efficiency and 
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a reduction of the combustor length, thus reducing drag and increasing the thrust of a hypersonic vehicle. Recent 
advances in the development of scramjet combustors have shown an increased interest in low aspect ratio 
geometries1,2. In addition, issues related to the scalability of the combustors present a formidable challenge 
regarding the utilization of hypersonic vehicles as practical, affordable, and reusable means of hypersonic transport 
for space access. The difficulties associated with the design of a fuel injection system (i.e. injection design for a 10X 
Scramjet flow path) capable of obtaining an effective fuel distribution in the combustion chamber and subsequent 
molecular mixing of the fuel plume with the surrounding air has attracted the interest of many researchers on 
exploring in-stream injectors such as pylons1,2,3 and struts4,5,6. Although pylons and struts are intrusive 
configurations which result in total pressure losses and stringent thermo-mechanical requirements due to the harsh 
environment in which combustion must be maintained, they have the potential to ensure a more uniform distribution 
of fuel in the combustor and to increase the thrust due to the additional component of the fuel’s momentum.  
 However, compressibility effects7 can lead to reduced mixing for simple parallel injection (i.e. free shear layer) 
when compared to transverse injection.  In an effort to augment mixing, researchers have proposed to incorporate 
vortex generators in parallel injection devices. The generated streamwise vortical structures are considered to be less 
sensitive to compressibility effects8. This development has led to a new concept of supersonic injectors: the 
hypermixer1,9,10.  Mixing enhancement by means of streamwise vortices is achieved with the concurrent dynamics of 
the large-scale structures that are responsible for the entrainment and the stretching of fuel/oxidizer interface11, and 
the molecular diffusion processes.  
 Streamwise vortices can be introduced into the flow in different ways: either by injecting fuel into a crossflow12 
(i.e., transverse injection), or through the use of vortex generators (i.e., ramps). When a ramp is used as a vortex 
generator, a counter-rotating vortex pair (CVP) is formed due to the cross-stream shear13. Many ramp geometries 
have been studied extensively: expansion ramps14, compression ramps15,16, compression/expansion ramps17 and 
cantilevered ramps18. Additionally, some other works provided useful information on the evaluation of the strength 
of the vortices shed from simple ramp geometries19.  

The pylon injector employed in the present work is equipped with a pair of expansion ramps on each side, 
positioned symmetrically on the pylon’s body. Hydrogen is injected from a thin, rectangular slit located at the base 
of the ramps, specifically designed to generate a planar plume to increase the contact surface area between fuel and 
air. The aim of the experiments was to study the combustion characteristics in a Mach 2.4 high enthalpy flow, 
focusing the investigation on the dynamics of the generated streamwise vortical structures and their spatial evolution 
in the presence of chemical reactions (heat release). Based on previous studies20, the evolving streamwise vortices 
were expected to have a large impact on the plume geometry and mixing.  

OH PLIF was used to image the instantaneous reaction zone on four planes downstream of the injector. In 
addition, OH* chemiluminescence and schlieren imaging were utilized to further characterize the flow configuration 
of interest. The resulting images confirmed the presence of the expected large-scale, vortical structures.  

II. Experimental setup 

A. Test Facility 
All the tests were conducted at the Stanford Expansion Tube Facility, located in the High Temperature 

Gasdynamics Laboratory.  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 304 stainless 
steel circular sections (outer diameter: 16.5cm; inner diameter 14cm): a 
driver section (1.9m long), a driven section (7.3m long) and an expansion 
section (2.8m long). Test gas conditions are generated by the unsteady 
expansion of the shock-treated driven gas; the test gas subsequently flows 
through a 30x30x30 cm3 test section and exhausts into a 0.6m3 dump tank. 
The test section has optical access on three sides. The final test gas 
conditions (i.e., M, T, and p) 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.21. 
 The conditions chosen for this work were Mach number M = 2.4, static 
temperature T = 1400K, and a static pressure p = 40kPa. The stagnation 
enthalpy was 2.8MJ/kg. These conditions approximately correspond to 
Mach 8 flight at 30 km altitude. The test time was approximately 500μs. 

Figure 1. Expansion tube test section/pylon 
injector CAD model. 
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The region of uniform flow downstream of the exit plane of the expansion tube is confined by a region of 7.6cm 
diameter core bounded by the limiting characteristic lines of the incoming flow, and it extends approximately 
15.2cm downstream of the tube exit. The pylon injector was mounted on a flat plate. Due to the limited length of the 
undisturbed flow region, the leading edge of the flat plate was mounted as far upstream as possible: approximately 
4.1cm into the expansion section, thus preventing the reflection of shocks generated by the model from impinging 
on the expansion tube wall, while keeping the entire fin in the field of view. The test section assembly is shown in 
Figure 1. The flat plate was not equipped with any active ignition or flameholding device (e.g., cavities). 

B. Injector Design 
Hypermixers for supersonic flow have been widely studied in recent years. Some of these works were employed 

to generate a database adopted as a reference for the proper sizing of the injector body. Hsu et al.3 tested different 
geometries of injection fins with slenderness ratios – here defined as the ratio between the fin thickness and the 
length of the root - ranging from 0.16 to 0.24; Doster et al.1 used in-stream pylons with slenderness ratio 0.16. The 
final design of the present pylon injector is characterized by a slenderness ratio of 0.19, resulting in an injection 
configuration comparable with recent studies. However, since the main focus of the work was the study of the 
reacting plume evolution in the presence of selected streamwise vortices, the injector was carefully sized to serve as 
a platform to be equipped with four expansion ramps (vortex generators). The pylon injector is depicted in Figure 2. 
 

 
Figure 2. Pylon injector CAD model: A – 2-D drawings, all the dimension are in inches; B – detail of the injection slit. 

 
The injector’s body has a diamond-like planview cross-section, swept downstream at 15°. The ramps are 

positioned symmetrically about the vertical plane of the pylon. The fuel is delivered by a thin slit located along the 
center of the trailing edge, and spanning the 30mm length between the two outside edges of the ramps with an outlet 
area 15.5mm2. The height h of each ramp was 2.8mm and the expansion angle αe was 15°. The expected circulation 
of the vortices produced by the ramps was calculated by the method proposed by Qiu19 (Eq. 1).  The circulation 
obtained by this estimate is on the order of 1m2/s. 

 
~ 	 	 																																																																																								 1  

 
The injector was rapid prototyped using SC 5500, a high performance resin. Despite the harsh conditions in the 

expansion tube, the injector was robust enough to complete the test matrix. The maximum injection plenum pressure 
needed to fall within the structural limits imposed by the material selection. For this reason, experiments were 
conducted with low values of jet-to-freestream momentum flux ratios as reported in Table 1. The fuel, hydrogen, 
was delivered to the injector by a fast acting solenoid valve.  

C. Imaging Techniques Configuration 
A Z-type schlieren system was used to instantaneously image the flowfield downstream of the strut.  A xenon 

spark lamp was used to illuminate the test section, and a LaVision Imager Intense CCD camera was used to acquire 
images with a 500ns exposure. Background and dark noise subtraction were performed on all acquired schlieren 
images. 

OH* chemiluminescence was used to ascertain global features of the reacting plume. An Andor iStar intensified 
CCD camera fitted with a 100mm f/2.8 UV lens was used in conjunction with a 10nm FWHM interference filter 
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centered at 313nm to capture chemiluminescence from chemically excited OH, indicative of combustion.  All tests 
were conducted using air as the test medium with hydrogen fuel injection. Only a preliminary test using oxygen as 
the test medium was conducted in order to assess the viability of the intended configuration with respect to 
spontaneous ignition and flameholding characteristics. Different integration (i.e., gate) times were used for each case 
(50μs for H2/O2 and 100μs for H2/air). Background subtraction was performed. Results of the OH* imaging were 
used to determine locations targeted by OH PLIF imaging. 

The same intensified CCD camera (Andor iStar 712) and interference filter were used to acquire OH planar laser 
induced fluorescence images.  The Q1 (n”=7) near 283.3nm of the A-X (1,0) electronic transition was used for the 
OH PLIF imaging. The frequency doubled output of an Nd: YAG pumped Lumonics HD-500 dye laser was used to 
produce the excitation light sources. This transition results in a signal nearly proportional to OH mole fraction, and 
is weakly dependent on temperature, providing instantaneous information regarding the location of reaction zones. 
A combination of spherical and cylindrical lenses were used to form a light sheet, which illuminated planes normal 
to the freestream flow direction located 1.8cm, 4.3cm, 7.6cm and 10.7cm downstream of the fuel injection plane. 
The ICCD camera was gated for 100ns. The camera was positioned at an angle relative to the test section (Figure 3), 
and a grid was imaged at each object plane to allow for remapping of the image onto Cartesian coordinates. A 
100mm, f/2.8 UV lens was used for the imaging. Depending upon the particular conditions being imaged, the lens 
was stopped up or down from f/2.8 to f/5.6 to avoid saturation; images were then scaled to approximately account 
for this. Background subtraction and correction for laser sheet non-uniformity was 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.  
 

 
Figure 3. OH PLIF setup: CAD model 

 

D. Test Matrix 
Tests were performed in air and oxygen freestream flows with two injection stagnation pressures. From the 

stagnation pressure, the density and velocity of fuel can be computed assuming isentropic flow in the injector’s 
nozzle, and the jet-to-freestream momentum flux ratio can be calculated using Eq. 2. 

 

∞
																																																																																												 2  

 
The two injection stagnation pressures chosen were p0,f=43kPa and p0,f=65kPa, corresponding to injection Mach 

numbers of 0.32 and 0.86, respectively. The specific heat ratio of the freestream was approximately 1.3, resulting in 
jet-to-freestream momentum flux ratios of 0.02 and 0.14, and mass flow rates of 0.21g/s and 0.61g/s respectively. 
The complete test matrix is shown in Table 1. 
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Table 1. Test matrix; * indicates the available measurements. 

 
A pressure transducer (PCB Piezotronics, model 112A22) mounted downstream of the solenoid valve enabled 

measurements of the injector stagnation pressure over time. After the initial transient upon opening of the valve, the 
plenum pressure of the injector was nearly constant for the entire duration of the tests, as shown in Figure 4. The 
1ms window indicated with dashed lines in Figure 4 contains the 500μs of test time, which extends from 
approximately 4.75ms to 5.25ms. The two constant values of pressure represent the absolute total pressures obtained 
in the injector plenum for the two conditions considered in the study (Table 1). 

 

 
Figure 4. Time history of the plenum pressure in the injector vessel 

 

III. Experimental Results 

A. Schlieren Imaging 
 Schlieren images of the flow due to injection into quiescent air have been taken for both injection stagnation 

pressures (Figure 5). For these tests, the pressure in the test section was set to 40kPa to reproduce the flow 
conditions during the run (static pressure). These images were necessary to assess the uniformity and characteristics 
of the injection process. The field of view shown in the images is 4x13 cm2.  In all the images discussed below, the x 
axis origin refers to the injection point. 

 

  
Imaging techniques 

Oxidizer Fuel M∞ 
T∞ 
(K) 

p∞ 
(kPa) 

T0,f 
(K)

p0,f 

(kPa) 
Fuel flow 
rate (g/s) schlieren OH* OH PLIF 

0.02 
*     Air H2 0 300 40 300 43 0.21 

*   * Air H2 2.4 1400 40 300 43 0.21 

0.14 

*     Air H2 0 300 40 300 65 0.61 

*   O2 H2 2.4 1400 40 300 65 0.61 

* * * Air H2 2.4 1400 40 300 65 0.61 
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Figure 5. Instantaneous schlieren images of the quiescent hydrogen jet: A – p0,f=43kPa; B – p0,f=65kPa. 

 
As can be seen in the images, the jets experienced transition from laminar to turbulent close to the injection port. 

The images also document the uniformity of fuel distribution along the vertical slit. This is an important verification 
that excludes the possibility of interference effects in the vortex dynamics, discussed in a later paragraph, due to 
vortical structures accidentally introduced by a distortion of the injectant during the injection process.  

 

 
Figure 6. Instantaneous schlieren images of the runs: A – p0,f=43kPa; B – p0,f=65kPa. 

Figure 6 displays schlieren image data for both injection stagnation pressures during a reactive test. The laminar 
region of the plume recognizable in Figure 5 is no longer visible in the cases where the crossflow is on; the jets 
became turbulent immediately after leaving the injector. Shocks can be recognized in both images downstream of 
the injection point, up to x=40mm. Since the injectant was subsonic, the shocks were attributed to the complex flow 
structure generating at the base of the pylon. Careful inspection of Figure 6-B shows an important flow 
characteristic: ranging from x=30mm to the end of the probed area, a zone of large density gradients can be seen; the 
area is enlightened with a dotted line in the image. These gradients can be generated by the three-dimensional 
development of the streamwise vortices in the plume, and by the local heat release due to the turbulent combustion. 
This consideration is corroborated by the OH* surveys described in section III. B.  
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B. OH* Investigation 
OH* chemiluminescence images were acquired for air and oxygen freestreams at the higher injection stagnation 

pressure (see Table 1) to gain insight into the global, time-averaged structure of the plume. A test in pure oxygen 
was conducted to assess if spontaneous ignition could be achieved with the present configuration. Figure 7-A and 
Figure 7-B show the tests conducted with O2 and air as freestream flows respectively.  

 

 
Figure 7. OH* images of the plume, p0,f=65kPa: A – H2/O2; B – H2/air. 

 
Figure 7-A shows the results obtained in the case of H2/O2 combustion. Two distinct, and almost symmetric, 

chemiluminescent regions can be recognized. Both luminescent zones bent towards the centerline of the jet 
symmetrically. Two confined areas characterized by a luminescence peak can be recognized close to the injection 
point between x=20mm and x=40mm. Since the increase in the chemiluminescence signal is proportional to reaction 
rates, its weakening in the far field (from x=50mm to x=120mm) indicates a progress toward complete combustion 
or flame quenching. 

Figure 7-B shows the H2/air reacting plume. Two elongated, chemiluminescent regions were present here as 
well, but were characterized by a different luminescence. In this case, ignition took place farther downstream 
compared to the O2 freestream, approximately 30mm downstream of the injection point. Larger OH* signals are 
observed in the region of the plume closer to the wall (between x=40mm and x=100mm) compared to the plume’s 
region farther from the wall. This finding suggests a faster combustion in the bottom plume; this discrepancy may 
indicate that the wall played a role in the mixing. Interestingly, the limits of the ignition zone seem to resemble the 
shape of the region characterized by large density gradients previously described in section III. A  (Figure 6-B). 

For both air and oxygen freestreams, two distinct chemiluminescent regions formed downstream of the injector. 
Their presence suggests that molecular mixing and reacting zones were affected and shaped by the streamwise 
vortical structures created by the injector. This behavior was also confirmed by the spanwise, OH PLIF 
measurements (see section III. C).  

OH PLIF Imaging 
The images in Figure 8 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 Figure 9; the numbers from 1 to 4 
indicate four spanwise stations (1.8cm, 4.3cm, 7.6cm and 10.7cm downstream of the injector, respectively). All the 
tests were conducted in air. 

Figure 9-A1 shows an elongated plume, extending approximately 35mm along z and resembling the morphology 
of the injector’s trailing edge. It can be seen that two distinct bulges having symmetry with respect to z=16mm 
began to form, indicating areas of radical agglomeration. 

Flow
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p0,f=65kPa
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B H2/air
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Figure 8. Plume evolution: A - p0,f=43kPa; B - p0,f=65kPa. 

A filament of hydroxyl radicals connecting the plume to the wall is recognizable from z=0mm to z≈4mm. Figure 
9-A2 shows the evolution of the plume’s morphology: two distinct, lobe-like areas can be seen to evolve from the 
smaller bulges, while still maintaining their level of symmetry about the z=16mm and y=0mm plane. At this section, 
the size of both lobes was such that each one could be enclosed in a 10mm diameter circle. Figure 9-A3 shows a 
slight growth of the lobes, increasing the diameter of the circle required to enclose each one to approximately 
12mm. Consistent to what observed from the OH* imaging (Figure 7-B), the lower lobe was characterized by larger 
OH PLIF signal levels compared to the upper lobe, indicating a stronger presence of OH radicals. The last cross-
section, depicted in Figure 9-A4, shows an important dilatation of the plume which provides further evidence 
supporting the conclusions previously expressed in section III. B. The lobes appear squeezed along the z-axis and 
spread mainly along the y direction reaching a width of approximately 20mm.  

The set of image data in Figure 9-B describes the plume evolution for the high stagnation pressure case. Figure 
9-B1 shows a thin plume similar to that seen in Figure 9-A1, but characterized by lower OH PLIF signal levels; 
nevertheless, the reaction zone was attached to the wall by a thin line of radicals similar to the result seen in Figure 
9-A1 for the lower injection pressure case. An increase in OH PLIF signals occurs 4.3cm downstream of the 
injection point (Figure 9-B2), where it can be seen that radicals exist in two symmetric lobes, as it was already 
analyzed in Figure 9-A2. In this section, a thin strip of OH radicals (with a length of approximately 2mm) connected 
the lobes. This flow feature was also captured in each of the two other spanwise flowfields probed downstream (i.e., 
Figure 9-B3 and Figure 9-B4), and was seen to stay approximately steady in proportions at each station leading to 
the final measurement plane. By comparing Figure 9-B3 and 9-B4, it is clear that a pattern of the plume’s evolution 
similar to that noted for the lower injection pressure case emerges; that is, only a relatively small variation in size 
can be observed, while the general shape of the lobes is maintained from station to station.  

Due to the increased fuel flow rate associated with the higher injection pressures, the two lobes can be seen to be 
slightly larger in Figures 9-B2 – 9-B4 when compared to their lower pressure counterparts (Figures 9-A2 – 9-A4). 
Their general characteristic shapes, however, seem to be almost unaffected by the difference in injection conditions, 
despite the difference in their reaction rates. In accordance to Eq. 1, assuming that the observed lobe structures result 
from vortical structures created by the vortex generators of the pylon injector, it can be expected that their strength is 
primarily dictated by the inflow conditions rather than by the injection conditions themselves. Therefore, the 
characteristics of the reacting lobes are expected to be relatively insensitive to the injection conditions. This would 
explain the similarities between the two cases shown in Figure 9. 

A common feature of the images (apart from Figure 9-B1) is a larger amount of hydroxyl radicals in the lower 
lobe. This result was consistent with the OH* survey conducted in air, (see Figure 7-B). A measurable change in the 
plume’s shape occurred between 1.8cm and 4.3cm for both injection stagnation pressures: this might suggest that the 
evolving vortical structures entrained and molecularly mixed a sufficient amount of surrounding air, resulting in the 
observed broadening of the plume. The persistency of the lobes and the repetition of the same flow features in each 
section indicate that the coherent, imposed structures had an important effect on the dynamics of the plume. The thin 
filament of radicals connecting the plume to the wall, noticeable in Figure 9-A1 and Figure 9-B1, could be a notable 
result. The presence of hydroxyl radicals in that region could suggest 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, as OH radicals are a long-lived species and it is possible that the area of concentration observed in the 
discussed images is a consequence of the radicals being transported from elsewhere in the plume, rather than being a 
marker of combustion occurring directly at the wall.  
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Figure 9. OH-PLIF instantaneous cross planes: A - p0,f=43kPa; B - p0,f=65kPa. The cross sections are indicated with 

numbers: 1 – 1.8cm; 2 – 4.3cm; 3 – 7.6cm; 4 – 10.7cm. 
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IV. Concluding Remarks 
This work presents an experimental study aimed to characterize the evolution of the reactive plume downstream 

of a pylon injector, injecting hydrogen fuel into a Mach 2.4 high enthalpy flow, designed to generate a specific 
vortical system. The intent, under the limitation of the selected freestream and injection conditions, was to initiate a 
more general research work focused on the understanding of the physics and the extent to which the dynamics of 
selected vortical structures in a combustion process are affected by heat release. Although instantaneous surveys are 
not representative of the mean flow characteristics, the fact that uncorrelated images taken at different stations 
showed similarities in terms of the plume’s shape was an indication of the presence of evolving, coherent 
streamwise structures in the flow. The plume was characterized by peculiar geometrical features when probed in the 
spanwise sections, similar to what has been previously detected in other studies in cold flow1; specifically, two 
nearly symmetric, large areas of OH radical agglomeration can be recognized at each station. These two lobes are 
thought to have formed due to the entrainment and mixing processes driven by the vortex field generated by the 
injector. 

Heat release, in general, produces a decrease of the density due to the increase of the local temperature and, as a 
consequence, a dilatation of the vortices. Dilatation, in turn, could lead to a breakdown of the streamwise vortical 
structures: in this process, the coherent structures are broken into smaller eddies. 

 If this had happened in the cases considered in this work, the geometry of the plume should have experienced an 
abrupt variation in one or more of the surveyed stations. In the present investigation, under the reported 
experimental conditions, the reacting vortical system appears to maintain a vortex dominated reactive plume 
morphology. 

.The main conclusions that can be drawn from this investigation are listed below: 
1. The symmetric disposition of the ramps (and, in turn, of the streamwise vortices in the flowfield) produced a 

symmetric plume. 
2. The dynamics of the plume suggested that the vortical structures behaved similarly to their cold flow 

counterparts: heat release, under the test conditions chosen in this work, does not seem to have noticeably 
modified the behavior of the streamwise vortices within the experimentally observed flowfield..  

3. The variation of the fuel-to-freestream momentum flux ratio did not affect the dynamics of the vortices in the 
plume. 

4. Stabilization of the flame took place without any flameholding device. 
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