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Fuel Injection into a Supersonic Air� ow by Means of Pylons
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The mixing and reaction processes in a scramjet combustion chamber have been experimentally investigated.
Hydrogen was injected into a preheated Mach 2.15 airstream by means of pylon-like fuel injectors. The supersonic
� ame was stabilized in a purely reaction–kinetical way; i.e., by means of self-ignition. Various pylon designs have
been employed to study their in� uence on fuel mixing and combustion in the supersonic airstream. Based on the
results, an optimized fuel injector has been designed and tested. To assess the reacting � ow, nonintrusive, optical
measurement techniques have been employed: the Rayleigh scattering technique to study the injected mixing jets,
and the self-� uorescence of the OH radical to determine location and intensity of the reaction zones. Additionally,
the wall static pressure has been measured.

Nomenclature
A = area
dequ = equivalent hydraulic diameter
Epulse = laser pulse energy
Gmixing = mixing ef� ciency parameter
M = Mach number
Çm = mass � ow rate
n j = number of fuel-injection jets
p = static pressure
pw = wall static pressure
p0 = total pressure
q = momentum
Re = Reynolds number
T = static temperature
T0 = total temperature
u = velocity
w = mass fraction
x = axial distance from pylon
k = wavelength
r = scattering cross section
s = time scale
U = equivalence ratio

Introduction

T HE reacting � ow in the combustion chamber of a scramjet
propulsion system is characterizedby the following:

1) Extremely short residence time of the � uid in the combustor
( s residence = 10 ¡ 4 –10 ¡ 3 s) because of its very high velocity.

2) The need to optimize total and static pressure, static temper-
ature, and � uid velocity at the combustor exit to allow the high-
enthalpy � ow to generate a maximum of thrust in the nozzle.

From these characteristics, the requirements of the supersonic
mixing and combustion process can be derived:

1) The fuel/air mixing process must occur as rapidly as possible
to allow for the shortest possible ignition length; i.e., the distance
the fuel is traveling from injection until ignition.
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2) The combustionmust take place across the whole duct to allow
for a wide range of operating equivalence ratios.

3) The fuel/air mixture must react at a suf� ciently high rate to
release the maximum heat into the � ow while it is in the combustor.

The aim of the researchactivitiespresentedin thispaper is to study
a combustor concept that satis� es these preceding requirements.

To ful� ll the � rst two requirements,the rapidformationof a homo-
geneousfuel/air mixture across the whole � ow channel is necessary.
However, experimental and numerical data show that fuel injection
from the wall will result in reaction zones that occupy only a small
part of the � ow channel.1 ¡ 8 Therefore, not all of the oxygen sup-
plied by the airstream entering the combustor can participate in the
chemical reactions. Combustor equivalence ratios U close to one
cannot be achieved, but will be necessary for an optimized trajec-
tory of aerospace planes.9,10 Furthermore, reaction zones close to
the wall will exert excessive thermal loads on the structure of the
combustor. Injecting the fuel by means of ramps only partly solves
the problem.11 ¡ 13 To achieve a satisfactory fuel distribution,pylon-
like fuel injectors have been employed. Various pylon designs have
been studied with respect to their mixing and combustion perfor-
mance. Injection parameters studied include injection angle, shape
of injection ori� ce, and number of injection jets. Applying the ob-
tained results, an optimum fuel-injectiondesign has beendeveloped
and tested.

Experimental Details
The experimental investigations have been performed at the su-

personic test facility of the Institute A for Thermodynamics of the
Technical University Munich. A schematic diagram of the test fa-
cility is shown in Fig. 1.

An air mass � ow of Çm = 330 g/s is supplied to the test facil-
ity. The total temperature of the airstream is raised to T0 =1350–

1380 K by precombustion of hydrogen in the preheater. To ac-
count for the oxygen consumption in the preheater, the airstream
is replenished with oxygen » 100 hydraulic diameters upstream
of the preheater. Within the laval nozzle, the air� ow is ac-
celerated to Mach 2.15. The following summarizes the condi-
tions at the entrance of the supersonic test combustor: M = 2.15,
T0 =1350 K, T =760 K, Çm = 0.33 kg/s, p = 1.1 bar, u = 1160 m/s,
Re = 4.6 £ 105, wN2 =0.727, wO2 = 0.193, and wH2O =0.08.

These conditions approximatelycorrespond to � ight Mach num-
ber M0 = 6.5 at altitude h =23.5 km on a representative trajectory
of a transatmosphericaccelerator,assuminga typical inlet compres-
sion ratio.14 The compositionof the vitiated test air is includedin the
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Fig. 1 Supersonic combustion test facility.

preceding test combuster list. It can be seen that, due to the hydro-
genprecombustion,there are signi� cantamountsof water.However,
for the given combustor pressure range, these concentrations only
slightly affect the self-ignitionof the fuel.15,16

The vitiated, supersonic airstream entering the combustor was
checked for contaminationwith radicals by means of spectroscopic
measurements of the OH radical. By this, no radicals could be de-
tected. However, for the given temperature, trace amounts of active
radicalscannotbe excluded.Nevertheless,this does not questionthe
validityof the test results in general,as those trace amountsof active
radicals have been found to have the same effect on the self-ignition
performance of a combustor such as a temperature difference of
radical-free test air.16

The testcombustoris of rectangularcrosssection(27.5 £ 25mm).
The overall length is 645 mm. The lower side of the � ow channel
consistsof individualsegmentsallowingfor thevariationof thecom-
bustor area ratio. The expansion angle of 5 deg of the � rst segment
leads to a combustor area ratio Aexit / Aentrance = 1.48. The increase
of channel area accounts for the fuel input and the heat release of
the reaction. The in� uence of the area ratio onto the supersonic
combustion process is known,17 and, hence, is not a subject of the
research work presented. All experiments were conducted with the
same combustor area ratio. The fuel is injected at the beginning of
the expansion segment.

The combustion chamber is equipped with quartz windows that
give optical access into the combustor. To avoid excessive thermal
stresseson the quartzwindows, theoperatingtimes of the combustor
were limited to » 10 s.

The combustion tests were performed with constant equivalence
ratios U , which are de� ned as

U =
( Çmfuel / Çmoxidizer)

( Çmfuel / Çmoxidizer)stoichiometric

(1)

The equivalenceratioswere adjustedwithin the range U = 0.23–0.5.

Measurement Techniques
To investigate the mixing and reaction mechanisms in the super-

sonic � ow, nonintrusive,opticalmeasurement techniqueshave been
applied. The employed techniques are only brie� y described, and
the interested reader is referred to the numerous literature of that
� eld, e.g., Refs. 18–22.

Rayleigh Scattering Technique

To examine the supersonic mixing process, the Rayleigh scatter-
ing technique has been employed. Rayleigh scattering is the elas-
tic scattering of light quanta from molecules. Incident laser light

Fig. 2 Optical setup for Rayleigh scattering measurements.

excites molecules within the electronic ground state. The excited
molecules immediately return to their ground state, spontaneously
emitting light. The intensity of the scattering light depends, in part,
on the effectivescatteringcross section(dr /dX )eff of the probed gas
mixture. The effective scattering cross section, in turn, depends on
the mole fractions xi of the individual species and their scattering
cross sections r i . Hence, by choosinggaseswith differentscattering
cross sections r i , their spatial distribution can be determined.

Helium, with a scattering cross section two orders of magnitude
smaller than that of air, has been used to simulate the fuel jets. Ad-
ditionally, to further increase the contrast of the images, the helium
was injected into a cold air� ow (low temperature ! high number
density ! higher Rayleigh scattering intensity). To be able to relate
these measurement results to the real combustion case, the momen-
tum ratios qair / qjet as well as the Reynolds numbers were matched
as closely as possible, as will be described later on.

The optical setup for the Rayleigh scattering measurements is
shown in Fig. 2. By forming the exciting laser beam (tpulse =17 ns,
k =308 nm, and Epulse =50 mJ) into a light sheet of 25 £ 0.3 mm,
spatially and time-resolved images of the two-dimensional distri-
bution of the scattering signal have been recorded. The signal was
detected with a 14-bit ICCD camera and processed by an image
processing unit.

OH Self-Fluorescence

The emission of self-� uorescence of a � ame consists of thermal
� uorescence (thermal excitation of the molecules) and chemilumi-
nescence (production of excited molecules by chemical reactions).
By choosinga suitablemoleculeand knowing their role in the chem-
ical kinetics involved, the kinetical processes can be examined.

In the presentedwork the self-� uorescenceof the OH radicals has
been selected.The highly reactiveOH radicals are productsof start-
ing and chain-branchingreactionsof the hydrogen combustionpro-
cess, subsequentlyserve as reactionpartnersfor the exothermicfuel-
oxidationreactions,and, are � nally consumedby chain-terminating
reactions.23,24 Therefore, the detection of OH self-� uorescence is
an appropriate means to determine location and intensity of the re-
actions zones.

To detect the OH self-� uorescence, the (0, 0) band of the
A2 R + ¡ X 2 P system (for details about the transitions see Ref. 25)
with its bandhead at k = 306 nm has been observed by spectrally
� ltering the � ame emission with an interference� lter and recording
the signal with an intensi� ed charged coupled device camera. The
exposure time was set to 0.1 s, which gives averaged images of the
reaction zone distribution.

Wall Static Pressure

The static pressure in the reacting � ow, which can be measured
at the combustor walls, is mainly determined by the heat release
of the exothermic reactions. Additionally, the area change of the
combustor, the heat transfer to the combustor walls, drag forces
in the � ow, and the conditions at the combustor entrance and exit
also affect the static pressure level. However, assuming that the
heat release exerts the primary in� uence onto the static pressure,
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the distribution of the static pressure along the combustor can be
regarded as a measure of the heat release into the � ow and can be
employed to assess the combustion process.

To measure the wall static pressure, seven static pressure ori� ces
are distributed along the upper combustor wall (see Fig. 1).

Principle of Fuel Injection by Pylons
As mentioned earlier, the rapid formation of a homogeneous

fuel/air mixture across the whole � ow cross section is a prerequisite
for compact reaction zones that will result in an ef� cient scramjet
combustor. By injecting the fuel in the center of the � ow with py-
lons, the problem of the slow lateral mass transport in supersonic
mixing layers is circumvented.The concept of the fuel injection by
pylons is depicted in Fig. 3.

In the upper part of Fig. 3 the fuel distribution with the pylon
is shown. Helium was used to simulate the fuel. The mixing jets
were visualized with the Rayleigh scattering technique. Multishot
images (10 measurements within 0.5 s) display the average shape
and development of the injected jets. Measurements were taken
along the combustor as well as at selected channel cross sections.

The four separately injected jets are clearly visible. Because of
the pressure loss within the strut, the injection pressure at the py-
lon top is lower than at the bottom injection ori� ces. Hence, the
penetration depth of the jets injected from top holes is reduced as
comparedwith the jets from the pylonbase.The fuel rapidly spreads
across the channel. 80–100 mm downstream of the pylon, the in-
jected helium has occupied much of the channel cross section, so
that fuel self-ignition can take place; compare this with the im-
age in the middle of Fig. 3. The reaction zone takes up another
200-mm axial distance. Only half of the given combustor length is
necessary for the fuel/air mixing process, the self-ignition, and the
reaction.The whole combustionprocess can thus be realizedwithin
» 10 ¡ 3 s.

The measured wall static pressure distribution (the lower part of
Fig. 3), re� ects the heat release of the combustion. Correspond-
ing to the fast increase of the reaction intensity (compare OH self-
� uorescence), the chemical energy of the fuel is quickly transferred
to the � ow (increase of the wall static pressure). The slight de-
crease of the wall static pressure toward the combustor exit may
be attributed to the heat transfer to the combustor walls. Neverthe-
less, the supersonic � ow exits the combustor in an underexpanded
state.

Fig. 3 Fuel injection by pylons: mixing jets visualized with the
Rayleigh scattering technique (He injection into unpreheated Mach
2.15 airstream); reaction zones visualized by recording the OH self-
� uorescence (H2 injection into vitiated airstream, T0,air = 1350 K); mea-
sured wall static pressure.

Comparison of Different Fuel Injectors
Tested Pylon Designs

Various pylon designs have been tested with respect to their mix-
ing and combustion performance. The fuel-injection holes of the
pylons were designed to give Mach 1 at the exit; i.e., the holes were
of convergentshape. It was not intendedto studydifferentfuelMach
numbers and pressures as additional parameters. The ori� ces were
sized to give approximately the same fuel mass � ow rate for a se-
lected injectionpressurerange.The chosenpylondesignsare shown
in Fig. 4.

These pylons allow the study of the effects of the injection angle,
the shape of the injection ori� ce, and the number of the injected
fuel jets; see Table 1, where the injection parameter of the pylons
are listed.PylonsA, C, and D injecta single fuel jet;whereaspylonB
injects four jets. Pylon A injects normally to the cross� ow; whereas
the fuel jets of pylons C and D are directed against and with the
cross� ow, respectively.Pylons A and B inject circular fuel jets, and
pylons C and D inject ellipticalor slot-shapedfuel jets. Pylon A was
later shortened by 2 mm because the original version injected the
fuel too close to the opposite combustor wall.

Mixing Ef� ciency

In the studyof the fuel/air mixingprocess,one can distinguishbe-
tween large-scale and small-scale mass transport. Large-scale mass
transport is based on the action of turbulence, whereas small-scale
mass transport basically is the molecular diffusion, which takes
place due to concentration gradients. Therefore, the provision of
a large fuel/air contact surface, at which molecular diffusion can
take place, is a prerequisite for an ef� cient overall mixing process.

The degree of large-scale mixing can be assessed by Rayleigh
scattering measurements, which allow visualization of the concen-
tration pro� les at speci� c � ow cross sections.A � rst, rough estima-
tion of the mixing performanceof the different fuel injectorscan be
obtained. These measurements have been performed for all pylons.

As describedbefore and shown in Fig. 3, helium was injectedinto
an unpreheated airstream to simulate the fuel injection. The � ow
parameters were adjusted to match the momentum ratio qair / qjet as
well as the Reynoldsnumbersas closelyas possiblewith theoriginal

Table 1 Fuel-injection parameter of the tested pylons

Pylon parameter Hydrogen � ow condition

Injection Shape of dequ , T0 , v ,
Pylon njet angle, deg injection hole mm K M m/s

A 1 90 Circular 1.58 280 1.0 1160
B 4 90 Circular 0.66 280 1.0 1160
C 1 120 Slot-shaped 1.28 280 1.0 1160
D 1 60 Slot-shaped 1.31 280 1.0 1160

Fig. 4 Various pylon designs tested.
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Table 2 Flow parameter of helium injection into cold airstream as
compared with hydrogen injection into vitiated airstream

p0 , bar T0 , K M v, m/s Re qair /qjet

Vitiated airstream 7.8 1350 2.15 1190 4.6 £ 105

H2 jet 39 280 1.0 1160 9.3 £ 104 0.176

Unpreheated airstream 4.2 290 2.15 530 2.2 £ 106

He jet 25 280 1.0 850 7.1 £ 104 0.136

Fig. 5 Mixing ef� ciency parameter Gmixing of the tested pylonsplotted
against axial distance.

combustion experiment. However, the matching of the momentum
ratios has been prioritized. Table 2 summarizes the � ow parameter
relevant to the comparison of the helium injection into the cold
airstream with the hydrogen injection into the vitiated airstream.

It can be seen that the Reynolds numbers of the helium jet and
hydrogen jet agree fairly well. However, due to the large difference
in the air� ow temperature,and,hence,the air viscosity,theReynolds
number of the cold airstream is seven times larger than that of the
vitiated airstream. This difference has been accepted to keep the
momentum ratios at nearly the same level.

Penetration, location, and spread of the mixing jets have been
visualized. The spread of the fuel jets across the channel has been
takenas an indicatorof the large-scalemixing abilityof the different
fuel injectors.The injectionpressure was held constant for all cases
at pinject =25 bar. As pylonA and its shortenedversionhave a larger
injectionarea (see Table 1), and, therefore,inject a highermass � ow
rate at the given injection pressure, a mixing ef� ciency parameter
Gmixing has been de� ned as follows:

Gmixing =
Ajet

Çmfuel

(2)

This value can also be interpreted as the inverse of the fuel mass
� ux. Obviously, the faster the fuel mass � ux decreases along the
combustor, i.e., as its inverse value increases, the better the mixing
process.

In Fig. 5 the mixing ef� ciency parameter of the various pylons
are plotted against the axial distance from the fuel injection. Three
conclusions can be drawn:

1) Injectionof several fuel jets (such as pylon B) is to be preferred
to single jet injection. As several injection jets provide a larger
surface area than one single big jet, mixing is most ef� cient for a
number of jets. Additionally, by the injection of several jets, the
fuel can be distributed across a large part of the channel right at the
injection point (see Fig. 3).

2) Elliptical or slot-shaped fuel jets (pylons C and D) expand
faster than circular fuel jets (pylons A and A-short).

3) Different injection angles or opposite orientations of the fuel-
injection jets (pylonsC and D) do not substantiallyaffect the mixing
performance.

Hence, with respect to the large-scale mixing, a number of slot-
shaped fuel jets exhibited better performance.

Combustion Performance

The combustion performance of the various fuel-injection con-
� gurationshas been comparedunder equal conditions.Table 3 sum-
marizes the air� ow conditions at the combustor entrance as well as
the fuel-injectionparameter.

Table 3 Air� ow conditions at combuster entrance and fuel-injection
parameter for combustion performance test series

Pylon Çm, kg/s M v , m/s T0, K T , K p0 , bar p, bar

Airstream —— 0.33 2.15 1190 1360 765 7.8 1.1
H2 jet A 0.0032 1.0 1160 288 150 25.0 13.2
H2 jet B 0.0032 1.0 1160 288 150 37.0 19.5
H2 jet C 0.0032 1.0 1160 288 150 39.0 20.5
H2 jet D 0.0032 1.0 1160 288 150 37.0 19.5

Fig. 6 Reaction zone distributions for the tested fuel-injection pylons
(OH self-� uorescence measurements).

Fig. 7 Static pressure distributions along the upper combustor wall
for the tested pylons.

Only the fuel-injectionpressure pinject has been varied from pylon
to pylon, as the size of the injection ori� ces slightly differs. By this,
equal fuel mass � ow rates Çmfuel, i.e., equal combustor equivalence
ratios U , have been ensured.

Extension and intensity of the resultant reaction zones have been
determined by recording the OH self-� uorescence. Figure 6 shows
the measurement results.

The measured wall static pressures along the combustor, which
indicate the heat release rate of the supersonic reaction, are shown
in Fig. 7.

Comparing the global combustion performance of the various
pylons, it was observed that the combustion performance directly
re� ects the mixing behavior of the pylon under investigation.Pylon
B, showing the most ef� cient fuel mixing capability, correspond-
ingly shows the best combustion performance: the shortest ignition
length, i.e., the axial distance where ignition takes place; a rapid
� ame development across the � ow channel; an early starting heat
release into the supersonic � ow (rapid increase of the wall pres-
sure); and a short � ame length. On the contrary, pylon A, having
only low mixing capabilities, shows a correspondinglyless-intense
combustion.

PylonsC and D showsimilar locationsof the reactionzone. Inject-
ing the fuel against the air� ow (pylon C) leads to a higher reaction
intensity than injection with the air� ow. However, the static pres-
sure distribution indicates only a slight increase of heat release for
pylon C.
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With regard to the pylon design, the followingconclusionscan be
drawn from the mixing and combustion experiments. Injection of a
numberof fuel jets providesthe most homogeneousfuel distribution
across the � ow channel.Slot-shapedfuel jets promotea fast fuel–air
mixing process.

Furthermore, the mixing and combustion experiments indicate
that in a scramjet combustor the overall reaction rate can be ac-
tively controlled by the way the fuel is injected. That means that
for high-combustor Mach numbers a fuel injector such as py-
lon B is suitable to keep the supersonic � ame suf� ciently short
( s residence is short, but there is only a low danger of thermally chok-
ing the � ow). On the other hand, for relatively low combustorMach
numbers, the reaction rate generated by fuel injection with pylon
B may be too high, e.g., thermal choking may occur (a variable
geometry combustor, which could provide a larger � ow area in-
crease to prevent thermal choking, may be undesirable for struc-
tural reasons). In this case, a fuel injector with a lower mixing ef-
� ciency would be advantageous because the reaction takes place
at a lower rate (thus spreading the heat release over a longer ax-
ial distance), but it would still have enough time to achieve high-
combustion ef� ciencies due to the longer fuel residence time in the
combustor.

Improved Injector Design

Based on the results of the mixing and combustion experiments,
the pylondesign has been improved.This fuel injector togetherwith
the reaction zone achieved with it is shown in Fig. 8.

The pylon basically consists of a strut that is equipped with six
small ramps that inject the fuel with a downstreamangleof » 30 deg.
By means of the six injection ori� ces, the fuel is spread across the
whole duct.To furtherenhancethe mixing, the small ramps couldbe
designed to create vortices in the wake of the ramps.11 For budget
reasons only circular injection ori� ces could be provided. Never-
theless, the reaction zone achieved with this pylon is very compact
and spreads over the whole channel cross section. Ignition takes
place only about 50 mm after fuel injection; i.e., it takes only about
10 ¡ 4 s to create a combustible mixture. The main reaction zone is
rather short as comparedwith single-jetpylons (see Fig. 6). The heat
release takesplace within » 5 £ 10 ¡ 4 s. The combustionprocess � n-
ishes well before the combustor exit, indicating a high-combustion
ef� ciency. The test combustor could be shortened (removal of the
last segment).

Because only a compact and short supersonic combustor can be
used in a real scramjet, the proposedpylon can be regardedas a base
concept for a high-performancefuel injector.

Fig. 8 Optimized pylon and its combustion performance: OH self-
� uorescence measurements and wall static pressure distribution.

Conclusions
From the experimental work undertaken, the following conclu-

sions can be drawn:
1) With a suitable injectora homogeneousfuel distributionacross

the whole combustor cross section can be established.The injection
of several fuel jets is to be preferred to single-jet injection. Slot-
shaped fuel-injectionori� ces result in higher mixing ef� ciencies.

2) The combustion performance of the various pylons directly
re� ects their mixing ability, i.e., the fuel distributiondetermines the
spread and location of the reaction zone.

3) For the given test facility parameter the supersonic� ame could
be reduced to » 250 mm. The whole combustion process was � n-
ished within about 10 ¡ 3 s.
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