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Abstract

Experimental results concerning the ig-
nition characteristics of high velocity hy-
drogen diffusion flames are presented
where ignition of the primary fuel flow is
achieved by pre-burning small mass frac-
tions of secondary hydrogen. The secondary
combustion is catalytically induced by pla-
tinum surfaces. The experimental data
indicate that conditions for self-ignition
of the diffusion flames can he extended to
very low temperature levels. Applied to
ramjet and scramjet combustion systems at
supersonic and moderate hypersonic air-
craft velocities this technique may elimi-
nate losses of flame stabilizers as well as
the danger of flame-outs.

I. Introduction


Aircraft operating at hypersonic velocities
with airbreathing propulsion will be expo-
sed to severe aerodynamic heating. Hence
active cooling of the structure and the en-
gine will be necessary. Today it is gene-
rally assumed that liquid hydrogen as fuel
will offer the required cooling capacity.
Hydrogen is also very attractive because of
it's high specific impulse.

The present paper deals with another
property of hydrogen which makes it well
suited for application in the hypersonic
aircraft speed range, namely it's capabili-
ty for thermal self-ignition at relative
low static corbustor entrance teTTgratures.
From extensive ignition studies ' 'it can
he said that thermal self-ignition of su-
personic hydrogen-air diffusion flames ray
be expected at aircraft mach-numbers grea-
ter than 5.7. In a ramjet with subsonic
combustion the limiting Mach-numher would
be 5.0.

However, in many cases it will be desi-
rable to extend scrarjet or ramjet propul-
sion into the range of relatively low air-
craft Mach-numbers in order to provide a
transition between the turbojet anplication
ranee and hypersonic velocities. This pa-
per will describe an experimental method
by which thermal self-ianition of hydrogen-
air diffusion flames can also be auaranteed
in the transitional Mach-number range.

II. Apparatus and Procedure

A more detailed description of the test
facility ips been given in an earlier pub-
lication ' '. The reauired staanation en-
thalny of the test air is achieved by means


of a Pebble heater to which an expansion
nozzle is directly connected.

SECONDARY FUEL
I HYDROGEN I

FIG I SCHEMATIC GRAPH OF FUEL INJECTOR FOR PILOT STABILIZED
SUPERSONIC AND SUBSONIC COMBUSTION

Figure 1 shows a schematic graph of the
axisyrmetric nozzle configuration with a
cylindrical duct. The nozzle is equipped
with a contoured fuel injector in a ,con-
centric position which has an outer exit
diameter of lo mm. The outer shape of the
injector Provides the cross section distri-
hution reauired for Laval-expansion to a
Mach-number of 1.5. The shape of the cy-
lindrical duct can be varied as indicated
in Figure 1 in order to aet subsonic exit
Mach-numbers.

In the nozzle the air is expanded to
pressure, Mach-number and static tempera-
ture conditions which can he expected at
the entrance of a scramjet or ramjet com-
bustor. Downstream of the iniector exit,
mixing of air and fuel occurs and the de-
velopment of a diffusion flame can be ob-
served within the free jet downstream of
the nozzle configuration. If the static
temperature is high enough, a diffusion
flare is stabilized by thermal self-igni-
tion.

FIGURE 2. HYDROGEN DIFFUSION FLAmr AT CON-
PITTe'rsFOP SPoNTANFOUS IGNITION
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Figure 2 shows a typical hydrocen diffu-
sion flame at conditions for spontaneous
ianition. Due to the igr6tion delay of
the hydrogen-air system ' ', a certain gap
can he observed between flame front and
injEctor edge. This gap may be called
"induction length" which is a typical
quantity characterizing the ignition pro-
perties of the system. If the static air
temperature drops to lower values, the in-
duction length will rapidly increase thus
indicating a limit for the range of ther-
mal self-ignition.

(1)From earlier investiaations it has
become clear that among the factors influ-
encing the induction length of a diffusion
flame, air composition is a very important
one. Especially small mass fractions of
free radicals (for instance 0, OH and H)
can considerably reduce the induction
length and maintain conditions for self-
ignition even at very low static air tem-
peratures.

The mentioned free radicals may be pre-
sent in humid air as dissociation products.
If, for instance, air is at equilibrium
composition upstream of the Laval-nozzle
(Fia. 1), a certain amount of water vapor
and oxygen is dissociated, according to
the respective stagnation temperature. In
the considered temperature range the com-

EQUIVALENCE RATIO I

FIG 3 REDUCTIONS OF INDUCTION TIME
DUE TO PRESENCE OF
FREE RADICALS 0 , OH AND H

AFTER APPROXIMATE CALCULATIONS BY F SCHMALZ 131

position will almost exactly he preserved
during the rapid expansion through the
Laval-nozzle.

nue to the presence of the dissociation
products 0, OH and H, ignition of the dif-
fusion flame downstream of the nozzle is
promoted as shown in Fia. 3 where reduc-
tions of induction time are plotted vs.
static temperature of a stoichiometric
mixture for the Mach-numbers 1.o/1.5/1.8.
At Mach 1.5, for example, the induction
time is reduced roughly to one third of
the time which would he observed without
initial concentrations of free radicals.
The results in Fig. 3 were obtained using
an approximate kinetic calculation proce-

(i).dure as proposed by SCHMALZ

A simple way to introduce additional free
radicals into the induction zone of a
diffusion flame is by pre-burning a small
mass fraction of hydrogen. Pre-burning
does not only provide species for chemical
exertion of the induction mechanism but it
simultaneously produces thermal enermy by
which the elementary induction reactions
will he acceleraterl. Thus ore-burning can
he expected to influence the ianition cha-
racteristics of a diffusion flame consi-
derably.

The schePe in Fia. 1 demonstrates how
fuel pre-hurninu was achieved in the con-
sidered test arrangement. Secondary air
and secondary hydrogen was fee into a se-
parate pre-burner Placed at the axis of
the injector having an outer diameter of
7 mm. The mass flow of the secondary hy-
drogen could be varied independently of
the primary mass flow. Thus the optimum
fuel/air ratio of the pre-burner could he
chosen in all cases.

FIGMF" 4. TFST ARRANGFMFMT FOP OPTI-
MIZATION OF PPF-PURNFR
LENnTir.

In the course of several preliminary em-
periments it was found that catalytic in-
fluences car helo very much to amplify
the range of stahle corhustion in the pre-
burner. Simple platinum wire was used as
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catalyst. The length of the platinum win-
ding was optimized in an arrangement as
shown in Fi2. A, A thin hollow lance
could penetrate to variable positions with-
in the pre-burner and eject the secondary
hydrogen at it's tip. The tiP position
was recorded together with the exit wall
temperature of the pre-burner.

FIGURE 5. PRE-BURNFP AS SHOWN IN FIGURE 4
IN OPERATION
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FIG 6 TYPICAL PRE - BURNER EXIT WALL TEMPERATURE
DISTRIBUTION VS H2 - INJECTION POSITION

Figure_5 shows the pre-hurner during such
an eyneriment. A typical exit wall tem-
perature distribution as a function of
the lance tip position is given by Figu-
re 6. It was found that in the conside-_____
red range of air temperatures and secon-
dary hydrogen mass flows, a winding
length of about 2o mm yields the highest
exit wall temperatures of the pre-hurner
and hence presumably the highest exit
terperature of the pre-burner products.

As shown in Figure 1, the pre-burner
products penetrate into the primary Fuel-
air-mixture downstream of the exit and
hence may act as a pilot to accelerate the
reactions in the phase of the ignition de-
lay.

III. Results

It was found that such an arrangement is
very effective and may reduce the tempera-
tures necessary for thermal self-ignition
he several hundred degrees. This can be
seen from Fig. 7, where induction lengths
of Mach- 1.5 diffusion flames have been
plotted over the static air temperature.
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FIG. 7 INDUCTION LENGTHS WITHOUT AND WITH
CATALYTICALLY INDUCED PRE-BURNING
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Some of the measured data are connected hy
lines. They indicate induction lengths
without pre-burning. There is a rapid in-
crease of the lengths below air temperatu-
res of about 1200 Y• As indicated, the
lower temperature limit depends slightly
on the hydrogen mass flow, measured by the
relative mass flow density 0 (=mass flow of
hydrogen through injector exit unit area/
air mass flow through nozzle exit unit
area). The circular symbols in Fia. 7 mark
data which were measured in the case with
nre-hurnina small mass fractions of hydro-
gen. It was possihle to maintain induction
lengths below 5o mm down to a burning limit
of 22o K static air temperature.

On the other hand, the relative mass flow
density 0 had to be reduced in order to
keep the induction lengths below the So mr
limit. _Figure P shows, for the conditions
of Fia. 7, the 0-values as well as the pre-
burned mass fractions of hydrogen. related
to the total hydrogen mass flow. If a Q-
value of o.1 is accepted as the lowest
mass flow density of practical interest,
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FIG.8 MAXIMUM PRIMARY H2-MASS FLOW DENSITIES AND MASS

FRACTIONS OF CATALYTICALLY IGNITED SECONDARY HYDROGEN
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CONDITIONS SHOWN IN FIGURE 9
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one can conclude from Fiaure P that self-
ignition at Mach 1.5 should be possihle
down to about 600 K static air temperature,
which corresponds to an aircraft Mach num-
ber of about 4. Pere, from thermodynamic
reasons, it would already be advantageous
to apply the subsonic combustion mode.
The described gain can be achieved hy pre-
burning less than 1 percent hydrogen, as
indicated hy the right hand diaaram in
Figure P. During the experiments the pre-




burner operated at equivalence ratios of
about o.3 to o.25. So the burner exit
terneratures did not exceed the structural
limit.

rdrilar performance gains have been obser-
ved in the case of subsonic combustion.
The results for this case are presented in
Fiaure 9. In the left hand section the
maximum permittable primary fuel mass flow
densities are plotted vs. the static up-
stream temperature of the air.

The data have been taken from three dif-
ferent test runs and indicate that they can
be reproduced satisfactorily. If, for
example, in a practical case the relative
fuel mass flow density must not fall short


of 0 = o.1, the left hand diaaram of Fiaure
9 indicates a minimum permittable static
air ternerature of 42o F. For this tempe-
rature, one can read from the riaht hand
diaaram that a hydroaen mass fraction of
about 1 percent must he ore-burned in or-
der to ianite the Primary fuel. mhe cor-
responding aircraft Mach-number in this
special case is ahout 2.3. Typical pre-
burner equivalence ratios for the condi-
tions of Fiaure 0 are shown by Ficure lo.
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Figure_11 relates the results to other ig-
nition delay data on the basis of induction
times which are Plotted vs. the reciprocal
static air temperature. Lines a through a
present the self-ignition characteristics
of the fuels methane, propane, ethylene and
hydroaen, where the full lines correspond
to diffusive combustion and the dashed li-
nes symbolize shock tube results. Line h
through k comprise induction times of nyro-
phoric fuels as derived from experiments
with diffusion flarpgccarried out by
PIRKLE and BILLIG 1. The ahove described

results obtained with catalytically induced
pre-combustion are renresented by line 1 in
Figure 11. The graph clearly indicates the
effectiveness of pre-burning (notice the
difference between curves f and 1) which
makes hydrogen even more inflammahle than
the pyrophoric fuels. This becomes also
evident when the apparent over-all activa-
tion energies of the different fuels are
compared (see list, Fiaure 11).

can be applied to ramjet and scramjet com-
bustion throughout the interesting appli-
cation ranges. It would also be applicable
to hydrogen fuelled turbojet combustion,
for instance in the NASA Snace Shuttle
landing engines.

If the same technique is applied to
hydrocarbon combustion, substantial range
extensions are possible too. As shown in
Figure 12, hydrocarbon fuelled ramjet ope-
ration with pilot induced ignition is pos-
sible at aircraft Mach-numbers above and
slichtly below 4. Especially methane may
become more interesting in the future
since it is a major constituent of natural
gas. It may be expected that the described
technique can also be applied in supersonic
turbojets which are fuelled with licruidna-
tural gas. However, further research and
development work is required to answer
this question.
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dicating the application ranges of diffu-
sive hydrogen combustion with thermal
self-ignition at subsonic and sunersonic
burner velocities. The rances (full
beams) are compared with the respective
ranaes of sevef14.hydrocarbons as investi-
gated earlier ' '. The ianition perfor-
mance deteriorates in the sequence hydro-
gen, ethylene, propane, methane.

The cross-hatched beams in Ficure 12
indicate the gains in aircraft Mach-number
which can be obtained by application of
the described piloting system. As far as
hydrogen is ccncerned as prirary fuel, the
aircraft Mach-number limits are extended
to very law values. Thermal self-ignition
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